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Abstract
Osmolytes are small molecules that alter water activity and probe role of water in
biological processes. Osmotic stress approach explored the role of water in ligand binding
to dihydrofolate reductase (DHFR). DHFR catalyzes NADPH dependent reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF), which is essential for the synthesis of
DNA, amino acids and other metabolic intermediates. R67 DHFR is a plasmid-encoded
DHFR that confers resistance against trimethoprim, which is a potent inhibitor of E.coli
chromosomal DHFR.
Osmolytes addition decreases the affinity of the substrate towards both the DHFRs.
Weak preferential interactions between the osmolytes and DHF impede substrate binding
to the enzyme. Similar results were obtained for DHF binding to FolM, an E. coli enzyme
which possesses weak DHFR activity. Binding of the cofactor to FolM was found to be
tighter in presence of betaine but other osmolytes showed variable effects indicating
interactions between FolM and osmolytes. Osmolytes (DMSO and ethylene glycol)
showed decreased the stability of FolM further suggesting preferential interactions of
osmolytes with the protein. Thus, ligand binding to FolM was hindered by interactions
between osmolytes and the enzyme as well as the substrate.
Interaction potential (μ23/RT value) of folate with betaine was quantified using a
vapor pressure osmometry method. Folate interaction with betaine showed concentration
dependence as folate dimerizes. A pH dependence owing to the deprotonation of folate’s
N3-O4 keto-enol group was also seen. The interaction of other heterocyclic aromatic
compounds with betaine was monitored and deconvoluted into atomistic interaction
potentials using an accessible surface area approach. Betaine preferentially interact with

v

aromatic surfaces, cationic and amide nitrogens whereas it is excluded from carboxylate
oxygens and aromatic nitrogens. As folate contains a combination of surface types, the
μ23/RT value is predicted to be near zero, indicating folate interacts almost equally well
with betaine and water.
Further, osmolyte effect on proteins was explored using SANS studies on R67
DHFR. The hydration studies yielded around 1200 water molecules excluding osmolytes
from R67 DHFR surface. SANS also characterized the conformations sampled by the
disordered tails of R67 DHFR under different conditions tested.
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PART 1. GENERAL INTRODUCTION TO OSMOLYTES AND THEIR
EFFECTS ON PROTEIN AND PROTEIN PROCESSES

1

1.1 Water is Essential for Life
Life originated in water and evolved subsequently. Water is the most abundant
compound in all biological systems. Water is ubiquitous and makes up about 70 % of the
weight of most living cells. Initial studies reviewing the physical chemistry of the
prokaryotic and eukaryotic cytoplasm have emphasized a two-state model for cytoplasmic
water including bound (hydration) water and free (bulk) water.[1, 2] Properties of water
that make it a biological solvent include its hydrogen bonding ability to itself and to other
molecules. Water is a polar solvent that dissolves all polar solutes and hydrates
macromolecular surfaces.
An aqueous environment is essential to keep all intracellular biomolecules
(proteins, DNA, RNA and small molecules) well hydrated thereby aiding biochemical
processes. One of the major acting forces in protein folding is water driven hydrophobic
collapse that minimizes the solvent exposure of hydrophobic groups forming the core of
the protein structure. Water also plays a role in maintaining the stability of the folded
protein by keeping the surface well hydrated. The role of hydration in protein conformation
and conformational changes, in substrate binding and enzyme catalysis, and in molecular
recognition has been studied and found to be important.[3]
Macromolecular interactions are largely governed by the structuring of water
molecules (hydration shell) between the interacting surfaces. The hydration forces are
stronger at close spacing than the van der Waals and electrostatic forces.[4]
Living cells face favorable and unfavorable environments. The extracellular
environment affects the intracellular water concentration by osmosis. If the cells face a
hypo-osmotic environment (low concentration of salts and solutes), water is taken up by
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the cells causing swelling whereas under hyper-osmotic conditions (high concentration of
salts\solutes), water is released from the cells causing cell shrinkage. The latter osmotic
stress results in dehydration. Initially, the free cytoplasmic water is expelled from the cells
rather than the bound water (hydration).[1, 5] Perturbations leading to dehydration cause
adverse effects on the growth and survival of living cells. The concentration of free
cytoplasmic water (unbound) that forms the bulk, sometimes referred to as the bathing
solution, is the osmotically active water that is governed by the cytoplasmic osmotic
coefficient which depends on the osmolality of the environment. On the other hand, bound
water is osmotically inactive as it remains constant with the change in osmolality of growth
media from 0.03 to 1 Osm.[1, 5, 6] When the amount of intracellular water continues to
decrease, the bound water is lost, resulting in cell death. Maintaining normal cell function
and growth under unfavorable conditions depends on stress response strategies and various
counter mechanisms.
One mechanism that has been studied for over 3 decades now is the accumulation
of intracellular osmolytes that function to combat osmotic stress in hyperosmotic
conditions. The major players in the cell’s response to osmotic stress include organic small
molecules such as polyhydric alcohols (glycerol, ethylene glycols), sugars (sucrose,
trehalose), free amino acids (proline, arginine, glycine), derivatives of amino acids
(trimethylglycine, also known as glycine-betaine), methylamines (trimethylamine oxide)
and urea.[7] These small molecules are either synthesized or transported into the
hyperosmotically stressed cell, thereby increasing the intracellular osmolality (osmolyte
concentration) and preventing water loss. Osmolytes take up space in solution and avoid
cell shrinkage, thereby retaining the cellular volume, which supports cellular growth.[5] In
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addition to this water retention mechanism, osmolytes also function as osmoprotectants
that increase the cellular growth rate by stabilizing macromolecules in the cells.[5]
(Structures of osmolytes-Figure 1.1) The choice of these osmolytes has been conserved
throughout evolution because of their compatibility with macromolecular structure and
function at high and variable osmolyte concentrations. Studies on E.coli cell growth and
function have provided better understanding of the role of water in biological process and
the part played by osmolytes under stressful conditions.
E.coli cells can modulate the intracellular concentration of osmolytes and water to
adapt and grow over a wide range of external osmolalities.[1] Initial loss of intracellular
water is followed by accumulation of potassium ions and glutamate. These two osmolytes
were found to be effective when cells face low osmolality conditions. Secondary responses
include synthesis of trehalose and putrescine, followed by uptake of betaine and proline, if
available, to combat high osmolality surroundings.[1, 7, 8] Some osmolytes, also known
as osmoprotectants (for example, betaine and proline), not only aid the cells to grow under
stress but also make them more efficient by stabilizing the macromolecules and increasing
the cell’s growth rate. TMAO is another osmolyte that has been suggested to help unfolded
proteins to fold to native-like structures.[9]
Betaine (N, N, N, -trimethyl glycine) is well-studied and is one of the most effective
E.coli osmolytes.[5] Betaine was proposed to be an osmoprotectants as it is preferentially
excluded from biomolecular surfaces. Preferential exclusion of osmolytes assures proper
hydration leading to stabilization of macromolecules.[3, 10] This protective nature of
excluded osmolytes is also supported by the measurements of volumes of “bound” water
(presumably water of macromolecular hydration) and cytoplasmic osmotic coefficients for
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cells grown in media of low (0.10 Osm) and moderate (0.28 Osm) osmolality. Osmotic
coefficient (φ) characterizes deviation of the solvent from ideal behavior and is given by
the ratio of observed to ideal osmotic pressures.
The volume of bound water is similar in the two osmotic conditions, suggesting no
deleterious effects of osmolytes on the hydration. However, the free cytoplasmic water
(bulk) decreases with increasing osmolality, and bound water becomes a larger fraction of
the total volume as the osmolality of the growth medium increases. Growth appears to
cease at the osmolality where the free water concentration is approximately equal to that
of bound water.[1]
It was found that when E.coli cells are grown under hyperosmotic conditions (1
Osm), uptake of osmoprotectants (betaine) does not change the total concentration of
intracellular osmolytes but increases the amount of cytoplasmic water significantly.[5, 6]
Betaine was shown to replace other osmolytes (K+, glutamate, trehalose) from the
cytoplasm leading to no net change in osmolyte concentration. The overall increase in the
cytoplasmic water can be attributed to a large change in the osmotic coefficient due to
betaine uptake. This study indicated that betaine is the most preferred E.coli osmolyte as it
alters the water activity to a greater extent than other osmolytes. The ratio of bound water
in the biomolecular hydration layer to free water in the E.coli cytoplasm was noted to
increase from 0.2 at (0.3 Osm-low osmolality) to 0.5 at higher osmolality (1 Osm), which
resulted in bound water making a larger fraction of intracellular water. Therefore, the net
increase in osmolality of the cytoplasm is large. Studies have shown that the amount of
free cytoplasmic water, K+ concentration and growth rate observed for E.coli under 1 Osm
osmotic stress with 1 mM betaine supplied in the growth media are comparable to the
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Glycine Betaine

Proline

Glutamate

OH
OH

HO

Glycerol

Ethylene glycol

Trehalose

Urea

Trimethylamine oxide
(TMAO)

Dimethyl
sulfoxide (DMSO)

Polyethylene glycol
Sucrose

Figure 1.1 - Structures of osmolytes showing different functional groups. Most of the
osmolytes except dimethyl sulfoxide (DMSO) and polyethylene glycol (PEG) are
biologically relevant and are used to combat osmotic stress in living cells. Urea is another
small molecule osmolyte that is known as a chemical denaturant for proteins.
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values observed for E.coli growing at lower osmolality (0.4 Osm) with no betaine
provided.[5]

1.2 Mechanism of Osmolyte Action- Preferential Exclusion vs. Preferential Interaction
Small molecule osmolytes acting as co-solutes exhibit their effects in multiple
ways. Osmolytes can function by altering the water activity which is the measure of
effective water concentration. All osmolytes take up volume in solution independent of
their chemical nature, size and polarity. This changes the water concentration in the bulk
media. Increasing osmolyte concentration leads to lowering of water activity, which alters
the hydration of the macromolecules. In addition, osmolytes can also exhibit direct effects
by forming favorable or unfavorable interactions with available functional groups in
solution as seen in Figure 1.2. Osmolytes can be repelled from the macromolecular surfaces
such that the concentration of osmolyte in the bulk solution is greater than in the hydration
shell. This is the preferential exclusion mechanism of osmolyte action. The chemical nature
as well as the size of the osmolyte can help determine its extent of exclusion from molecular
surfaces. For example, betaine has been shown to be the most excluded osmolyte in
E.coli.[8]
In a second mechanism, some osmolytes can associate with the molecular surfaces
such that the number of osmolyte molecules in the proximity (hydration shell) increases;
this decreases the number of osmolyte molecules present in the bulk solution. This is the
preferential interaction mechanism. The thermodynamic quantitation of this phenomenon
dictates the strength and favorability of osmolytes towards various functional groups in
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Figure 1.2 - Preferential exclusion and interaction mechanisms. Osmolytes (pink spheres)
that are excluded do not enter the hydration shell (dark blue) and are retained in the bulk
solution (light blue) whereas osmolytes that preferentially interact replace water in the
hydration shell.
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comparison to water. The differences in the interactions of E.coli cytoplasmic osmolytes
with protein surfaces was shown to be correlated with their effectiveness as
osmoprotectants. The order of preferential exclusion obtained for E.coli osmolytes was
betaine>proline>TMAO>trehalose>K+ glutamate> glycerol.[11]

1.3 Osmotic Stress Studies Probe the Role of Water in Biological Processes
Water plays a crucial role in all biological processes such as protein folding,
stability and conformational change; protein-ligand, protein-protein and DNA-protein
interactions; and enzymatic activity. This has led nature to develop an effective strategy of
using osmolytes to maintain the structural and functional properties of macromolecules in
cells exposed to denaturing environmental stresses. A lot of interest has developed in
performing osmotic stress studies that measure the changes in hydration of macromolecules
associated with biochemical processes.
Osmotic stress studies employ the addition of small molecule osmolytes that alter
water activity in the experiment and the progress of the biochemical process is monitored.
Upon comparison of the results obtained with and without externally added osmolytes, the
effects of osmolytes can be directly correlated to the role of water in that particular process.
Water release or uptake upon ligand binding have been demonstrated for proteins, for
example, hexokinase activity results in a release of around 320 water molecules[12] and
hemoglobin takes up about 60 water molecules upon changing from its oxygen deficient to
its oxygen rich form.[13] The measurement of the change in the number of water molecules
during a biomolecular reaction is a direct measure of forces between solute and solvent
molecules that either support preferential exclusion or interaction between two molecules
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in comparison to water. These studies are the key to understanding the strength and
specificity of biological reactions involving water/hydration changes.
Studying the role of water and effects of osmotic stress on metabolic pathways
allows a better understanding of mechanisms and strategies employed by the cell to
overcome stress.

Thus, changes in the number of macromolecule associated water

molecules (in the hydration layer) and bulk solution can be studied using an osmotic stress
approach. As betaine was shown to be the most excluded osmolyte from biological surfaces
in an E.coli cell, [11] it is a preferred osmolyte used in osmotic stress studies. Thus, a highly
excluded osmolyte like betaine is more likely to probe the changes in hydration in a
biochemical process whereas an osmolyte that is not completely excluded will lead to an
underestimation of the extent of changes in hydration. To understand the multifaceted
effects due to preferential exclusion and/or interactions of osmolytes with molecular
surfaces, a detailed analysis of these weak associations will help in better interpretation of
the outcomes of osmotic stress experiments.
Our lab chose to study osmotic stress effects on enzymes of the folate metabolism
pathway using a set of osmolytes including betaine, glycerol, ethylene glycol and sucrose
to name a few. We also focus on interpreting our results based on both preferential
exclusion and interaction mechanisms of osmolyte action. We measure the affinity of a
ligand for the enzyme in buffer as well as in buffer containing osmolytes. The
measurements are done in two concentrations of the osmolyte. The change in binding
affinity with change in osmolality yields the change in the number of water molecules
released or taken up upon ligand binding using the following equation, Eq (1.1):
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Eq (1.1)

where Ka is the binding association constant and osm is the osmolality of the buffer, nw
is the change in hydrating waters upon ligand binding. The following sections introduce
our model system and previous osmotic stress studies performed.

1.4 Introduction to Dihydrofolate Reductase (DHFR)
Folic acid, vitamin B9, is an essential nutrient for cell growth and development.
The folate metabolism pathway in E. coli consists of various enzymes that function to
assimilate folate substrates to form metabolically important cofactors. Folate derived
cofactors are utilized in one-carbon transfer reactions. Dihydrofolate reductase (DHFR)
catalyzes the reduction of dihydrofolate (DHF) to tetrahydrofolate (THF) using NADPH
as a cofactor. This reaction is important as THF and its derivatives serve as cofactors for
reactions involved in the synthesis of nucleotides such as thymidine, amino acids such as
methionine and glycine and various other metabolites. Effective blocking of DHFR activity
leads to cell death and therefore, this enzyme is a potential target for developing antibacterial and anti-cancer drugs. EcDHFR is the enzyme encoded by a chromosomal gene
in E. coli and is effectively inhibited by an antibacterial drug, trimethoprim (TMP) and an
anti-cancer drug, methotrexate (MTX).
Occurrence of clinical resistance to TMP treatment was associated with emergence
of a novel DHFR enzyme encoded by resistance plasmids (R-plasmids).[14] One of the
interesting and most studied R-plasmid DHFRs is R67 DHFR. Both the chromosomally
encoded (EcDHFR) and plasmid encoded R67 DHFR catalyze the same reaction (Figure
11

1.3), but possess unrelated structures and properties as seen in Figure 1.4 and Table 1.1.
1.4.A. EcDHFR
Chromosomally encoded dihydrofolate reductase E.coli (EcDHFR) is a wellevolved[15] and well-conserved protein in all kingdoms of life. It is an 18 kDa monomeric
protein with discrete binding pockets for the substrate (DHF) and the co-factor (NADPH).
The EcDHFR structure possesses an eight-stranded β sheet core with four surrounding α
helices, which together form two rigid subdomains separated by a hinge region.[16, 17]
Structural studies with the apo and ligand bound EcDHFR complexes suggest a significant
role for the Met20 loop (residues 9–24) that switches between a closed and an occluded
conformation during the catalytic cycle.[18, 19] Linked changes in the FG (residues 116–
132) and GH (residues 142–149) loops also occur. Substrate and cofactor binding closes
the Met20 loop over the active site and stable hydrogen bonding with the FG loop forms
an optimal electrostatic environment to aid the hydride transfer.[19, 20] Upon formation of
the products, the Met20 loop releases the oxidized cofactor and occludes the cofactor
binding pocket. Product (THF) release is the rate-limiting step at pH 7 and is facilitated
by binding of NADPH.[19]
1.4.B. R67 DHFR
The resistance plasmid encoded DHFR is not an efficient catalyst, but it confers
resistance to the antibiotic drug, trimethoprim which is a potent competitive inhibitor of
EcDHFR. R67 DHFR is unrelated in sequence and structure to EcDHFR and is thought to
be a primitive enzyme.[21, 22] It is a 34 kDa homotetramer with all 4 subunits contributing
to forming a single active site pore in the center of the structure. Each monomer of 78
amino acids contains five anti-parallel β strands. Dimerization occurs when three strands
12

Figure 1.3 - DHFR reaction. Reduction of DHF to THF using NADPH as a cofactor. The
substrate (DHF) is activated by pre-protonation (as shown in red) resulting in a positive
charge intermediate that accepts a hydride from NADPH to form the product (THF). The
cofactor is oxidized to NADP+ as shown. Adapted from Reference. [23]
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Figure 1.4 - Structures of EcDHFR, R67 DHFR and PTR1. EcDHFR (1RA2) is shown
with the bound ligands (NADP+ in magenta and folate in cyan) in panel A. R67 DHFR
(2RK1) homotetramer shown in panel B with each monomer colored differently. The
bound substrate (DHF in cyan) and cofactor (NADP + in magenta) is shown. Panel C shows
the structure of a pteridine reductase, PTR1, from L. major (1E92) with bound NADP+
(pink) and dihydrobiopterin (cyan).
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Table 1.1 - Comparison of structural and functional parameters for EcDHFR, R67 DHFR,
PTR1 and FolM. Parameters obtained at pH 7.0 for EcDHFR and R67 DHFR and pH 6.0
for PTR1 and FolM.
Parameter

PTR1
(Leishmania
major)
288 aa;
30,457
daltons

EcDHFR

R67 DHFR

159 aa;
17,999
daltons

78 aa;
8,430 daltons

Monomerb

Tetramerc

Tetramerd

Tetramere

1

1

4

8 stranded mixed
-sheet with 4 helical
connecting
strandsb

4 -barrels;
single active
site pore
composed of
residues from
4 subunitsc

1677 Å3
(1RA2)

3626 Å3
(1VIE)

4
7-stranded
parallel sheet
sandwiched
between 3 helices on
either sided
1392-1920 Å3
(2BFA)

20 pMg

150Mh

ND

>1.4 mMi

0.07 nMj

>500Mk

30-255 nMl

5.9 Mi

0.94 µMm

3.0 µMn

14.2 Ml

DHF Km

1.2 µMm

5.8 µMn

3.4 Ml

kcat

28 s-1 (product
release)n
238 s-1 (hydride
transfer)o

Natural
substrate

DHF

Monomer

sizea

Oligomeric
state
# of active sites

Structural
features

Volume of
active sitef
Trimethoprim
Ki
Methotrexate
Ki or Kd
NADPH Km or
Kd

1.3 s

-1 o

DHF

0.38 mol
min-1 mg-1
(Vmax)l
Biopterin,
dihydrobiopterinl

FolM
240 aa;
27,496 daltons

ND

ND

1.9 M (Km)i
3.86  0.29 (Kd)e
9.0 Mi
4.3  0.6 Me
0.083 mol min-1
mg-1 (Vmax)i
0.240  0.009
s-1 (kcat)e
Dihydromonapterinp

a

Molecular weight calculated from http://web.expasy.org/cgi-bin/protparam/protparam.
From reference [24, 25]. c From reference [26, 27]. d From reference [28]. e From Part II. f Calculated
from Castp[29] (http://cast.engr.uic.edu/cast/). g From reference [30]. h From reference [14]. i From
reference[31]. j From reference [32]. k From reference [33]. l Ki value depends on substrate, from reference
[34]. m From reference [35]. n From reference [36]. o From reference [37]. p From reference [38].
b

from each monomer form a six-stranded β barrel at the interface.[26] Two dimers associate
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by loop–loop interactions to form the tetramer. The crystal structure of the dimeric species
yielded weak electron density for the first 16-18 residues of the monomers suggesting
disorder in the N-terminal tails.[26] The disordered tails were cleaved by chymotrypsin
treatment and the resultant truncated tetramer was crystallized by Narayana et al.[39] The
N-terminal truncation showed no significant effect on the enzyme activity.[36]
The presence of a single active site within a tetramer possessing a 222-symmetry
requires both the cofactor (NADPH) and the substrate (DHF) to bind to symmetry related,
promiscuous binding sites. Both ligands make contacts with the same residues from
different monomeric surfaces. This enables R67 DHFR to bear 4 identical ligand binding
sites, but only two ligands can be accommodated due to steric hindrance. R67 DHFR can
form three types of ligand bound complexes-with two DHF molecules or with two NADPH
molecules or with one DHF and one NADPH molecule.[40] The last combination forms a
productive complex for the DHFR reaction.
1.4.C. A Novel DHFR: FolM
An interesting enzyme, FolM, encoded by a chromosomal gene, ydgB, catalyzes
the reduction of dihydromonapterin to tetrahydromonapterin using NADPH as a
cofactor.[38] It is a homologue of pteridine reductase (PTR1) from Leishmania major,
which reduces biopterin and dihydrobiopterin. FolM additionally catalyzes the reduction
of DHF, although not as efficiently as EcDHFR or even R67 DHFR.[31] FolM expression
in the  folA (DHFR knockout) cells allowed the cells to grow on minimal media lacking
folate pathway end products.[31] However, the double knockout E. coli mutant ( folA 
ydgB) was a synthetic lethal.[41]
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This novel enzyme - FolM - was found to be resistant to trimethoprim and less
sensitive to methotrexate inhibition than EcDHFR.[31] FolM is genetically unrelated to
either E. coli chromosomal or plasmid encoded R67 dihydrofolate reductases. FolM is a
short chain dehydrogenase/reductase that utilizes NADPH as a hydride donor (cofactor). It
is a tetramer with four active sites. FolM contains each of the amino acid residues in PTR1
that are important for binding of substrate and catalysis. It is thought to share the same
catalytic triad Asp 181, Tyr 194, Lys 198 as PTR1.[28] It is noteworthy that FolM, which
has a different scaffold and is unrelated in sequence and structure to the DHFRs, catalyzes
the same reaction.

1.5 Osmotic Stress Studies
The major questions we ask are how metabolic pathways function under osmotic
stress conditions and what are the effects of osmolytes on proteins, small molecule ligands
or substrates and protein-ligand complexes? Osmotic stress experiments involve addition
of osmolytes to the in vitro and in vivo experimental systems to probe the role of water in
the addressed biological process. The effect of osmolytes on various macromolecular
surface types has been studied as discussed earlier. The implications of the weak
preferential exclusion and interaction effects on protein folding, stability and protein-DNA
interactions have also been studied. The focus of our lab has been studying osmotic stress
effects on folate metabolism in E. coli. [42-45] We tested the effects of betaine, glycerol,
ethylene glycol, DMSO, sucrose and PEG to name a few.
Betaine was chosen as it is the most excluded osmolyte in E.coli. Other osmolytes
were chosen to include compounds different chemical properties to ensure that any changes
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in binding affinity came from the change in water activity rather than changes in the
solution dielectric or viscosity. For example, sucrose and betaine both alter water activity
but they show opposite effects on the dielectric constant of the solution. To parse out
multiple effects, osmolytes with differential characteristics were included in both the
studies (R67 DHFR and EcDHFR). The following sections discuss previous studies
addressing osmotic stress effects on ligand binding to DHFRs.
1.5.A. Osmotic Stress Studies on Ligand Binding to R67 DHFR
In vitro studies were performed to understand the role of water on ligand binding
to R67 DHFR. Osmolytes were included in the binding assays and the binding affinities
were compared to those with no osmolyte added. Several osmolytes such as betaine,
glycerol, ethylene glycol, DMSO, sucrose and PEG400 were used. NADPH binding to R67
DHFR was monitored by isothermal titration calorimetry and osmolyte addition was found
to tighten the binding affinity.[42] This observation is consistent with the dehydration
effects of osmolytes which aid binding. The water molecules hydrating the protein and
ligand molecules at the binding interfaces have to be shed to form contacts. Osmolytes
lower the free water concentration in the system and therefore aid in dehydration of the
interface. Tighter binding indicates preferential exclusion of osmolytes from the cofactor
as well as protein surfaces. Another striking feature of these studies was that the extent of
tightened binding of NADPH was the same for all osmolytes tested. Figure 1.5.A shows
the data for all osmolytes could be fit to a single slope upon analysis using Eq (1.1). The
positive slope yields a negative nw indicating water release upon cofactor binding.[42]
DHF binding to R67 DHFR was studied using steady state kinetic assays that
measure the Km for the formation of enzyme-substrate complex as well as the catalytic rate
18

Figure 1.5 - Osmotic Stress Studies on Ligand Binding to R67 DHFR. In panel A, a plot
of ln Ka values for NADP+ binding to R67 DHFR vs. osmolality is shown. A single line
is shown that fits the data obtained from multiple ITC experiments to examine effects of
each osmolyte addition. Panel B shows the data obtained from steady state kinetics
experiments. A plot of ln kcat/Km vs. osmolality yields multiple slopes for each osmolyte
tested indicating an osmolyte specific effect on substrate binding. A positive slope in
panel A suggest tightened binding of cofactor with increasing osmolality. The negative
slopes in panel B suggest weakened binding of substrate to R67 DHFR upon osmolyte
addition. Data for buffer (●), ethylene glycol (☆), DMSO (○) glycine betaine (△), PEG
400 (checkerboard), glycerol (●), TMAO (▽) and sucrose () are shown. Data are from
Chopra et al.[42]
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constant (kcat). Osmolyte addition resulted in no significant effect on the k cat, but the Km
for DHF increased in the presence of osmolytes. The ratio of kcat/Km gives the catalytic
efficiency, which decreased with increasing osmolyte concentration (Figure 1.5.B).[42]
This indicates weakened substrate-binding to R67 DHFR in the presence of osmolytes. As
Km values can contain kinetic information in addition to binding information, ITC
experiments were also performed. A similar trend of weaker binding affinity with
increasing osmolyte concentration was observed. The magnitude of the effect of each
osmolyte was variable as can be seen from the differences in the slopes in Figure 1.5.B.
This indicates that the extent of weakened binding depends on the individual osmolyte
identity. Analysis of these data using Eq (1.1) resulted in positive nw values suggesting
water “uptake”.
It was unusual to see weaker binding of DHF and tighter binding of NADPH to
R67 DHFR as both the ligands interact with the symmetry-related residues in the active
site pore. This behavior can be due to one of three possible effects of osmolytes –
destabilization of the enzyme-DHF complex, stabilization of the free enzyme and/or
stabilization of free DHF. Effects of osmolyte addition on free enzyme and enzymecofactor complex can be ruled out as many osmolytes show the same effect for NADPH
binding (Figure 1.5A). Thus, NADPH binding results serve as an internal control as the
substrate and cofactor binding sites are related. This is due to the 222 symmetry imposed
on the R67 active site pore. This suggests that the osmolytes may not exert their effects on
the enzyme. This leaves the possibility of osmolyte effects on free DHF which then affects
its binding to the enzyme. The amplitude of effects was different for all the osmolytes
tested indicating an osmolyte specific effect on DHF binding. The weakened binding
21

affinity with water activity indicates favorable interactions between osmolytes and DHF
(relative to water) interfere with substrate binding to R67 DHFR.
In vivo osmotic stress studies on R67 DHFR correlated with our in vitro findings
as the osmotically stressed cells exhibited reduced enzyme activity and growth.[42] A
variant of R67 DHFR with reduced catalytic efficiency was used to rescue E. coli cells
grown in the presence of TMP. TMP addition inhibits chromosomal DHFR activity. The
cells, when subjected to osmotic stress by growing in sorbitol containing media, showed
no growth. Sorbitol induces osmotic stress leading to dehydration effects and production
of intracellular osmolytes. The weak interactions between intracellular osmolytes and DHF
can affect substrate binding to DHFR and the variant enzyme was unable to confer TMP
resistance.
1.5.B. Osmotic Stress Studies on Ligand Binding to EcDHFR
To test the hypothesis that osmolytes weakly interact with folate/DHF and weaken
binding, a second DHFR was used. EcDHFR catalyzes the same reaction as R67 but has
a different structural scaffold. Similar studies were performed to monitor ligand binding to
EcDHFR in the presence of osmolytes. NADP + binding to EcDHFR-DHF complex
(ternary complex formation) was measured using ITC and the binding affinity (K a) was
noted to increase with addition of the osmolytes. These results, consistent with the
dehydration effects of osmolytes, were similar for both DHFRs. With EcDHFR, variable
slopes were obtained for each of the osmolytes tested (Figure 1.6.A), which indicated
additional effects of osmolytes on NADP+ and/or the protein or the complex. Also, the
change in binding affinity of NADP+ to EcDHFR (binary complex formation) showed an
opposite trend upon addition of sucrose. This indicated additional effects of sucrose on the
22

Figure 1.6 - Osmotic Stress Studies on Ligand Binding to EcDHFR. Panel A shows a plot
of ln Ka values for NADP+ vs. osmolality. The data obtained from ITC experiments upon
addition of each osmolyte gives a positive slope, indicating tightened binding of cofactor
upon osmolyte addition. Variability in slopes indicates additional effects of osmolytes on
the protein. Panel B plots ln Ka values for DHF binding to the EcDHFR·NADP+ complex
obtained using ITC vs. osmolality. Negative slopes indicate weakened substrate binding in
the presence of osmolytes. Data for buffer (●), glycerol (●), ethylene glycol (☆), TMAO (
▽), sucrose (◻), DMSO (○), glycine betaine (△),

Data are from Grubbs et al.[43]
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and PEG 400 (checkerboard) are shown.
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binding event. In contrast, DHF binding to EcDHFR, as quantified using ITC, showed a
trend of weakened binding upon osmolyte addition as can be seen with a negative slope in
Figure 1.6.B.[43] Thus, consistent results with two structurally and genetically unrelated
proteins supported the hypothesis that the small molecule osmolytes interact with DHF and
need to be removed before DHF can bind to the enzyme.

1.6 Model for Preferential Interactional between DHF and Osmolytes
We proposed the model (shown in Figure 1.7) for preferential interaction between
osmolytes and the substrate, dihydrofolate. This weak interaction shifts the binding
equilibrium towards the unbound protein and free DHF as observed by a decrease in the
affinity constant. The unusual weakening of DHF binding to both the DHFRs with different
scaffolds supports this hypothesis. Our model posits that weak interactions between free
DHF and osmolytes result in a competition between osmolyte and water for solvation of
DHF. The model in Figure 1.7 represents weaker binding affinity of DHF, as the osmolyte
molecules have to be released from DHF prior to its binding to DHFR.

1.7 Do Osmolytes Weaken Substrate Binding to the Novel DHFR, FolM?
Osmotic stress experiments for substrate binding to DHFRs resulted in weaker K d
values in presence of osmolytes. The results were interpreted using a preferential
interaction of DHF with osmolytes, which affected DHF binding to the DHFRs. In order
to strengthen our model, we decided to extend it to other DHFRs and other enzymes from
the folate metabolism pathway. Similar osmotic stress studies were performed and the
25

Figure 1.7 - Model depicting preferential interaction of osmolytes with free DHF. In the
absence of osmolytes, DHF binds to either EcDHFR or R67 DHFR and water (*) is
released as seen in the top panel. Osmolytes (pink star) interact with free DHF and
replace the water molecules in the hydration layer. Both osmolytes and water must be
released for DHF to bind to DHFRs, resulting in a lower binding affinity K a. (This model
does not exclude the possible binding of osmolytes to DHFRs, which could describe the
differing effects of osmolytes on NADP+ binding to EcDHFR, yielding the variation in
slopes seen in Figure 1.6.A.)
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preferential interaction model was tested for ligand binding to FolM as one of my
projects and the results obtained are explained in Part 2. We predict all folate derivatives
will be affected by osmolytes as per the model. Similarly, the model can be applied and
tested for other enzymes of the folate metabolism pathway.

1.8 Folate – Osmolyte Interactions
Folate is the oxidized form of DHF with greater stability. It is known to bind and
inhibit DHFRs.[33] Studies monitoring folate binding to R67 DHFR showed weaker
interactions upon betaine addition suggesting similar effects to those seen with the
substrate, DHF. Thus, folate can serve as a model for DHF to study its preferential
interactions with osmolytes. The folate structure is comprised of a pterin ring connected to
a p-amino benzoic acid (p-ABA) ring with a glutamate tail (Figure 1.8.A). A folate
molecule can have more than one glutamate attached to its tail via the γ-carbon of
glutamate.
Folate dimerizes at high concentrations. A head-to-tail dimer model has been
proposed in which each pterin ring stacks with the p-ABA ring of the other monomer and
the glutamate tails are free to rotate. [46] Thus, the charged glutamate tails are oriented in
opposite directions. Poe found folate dimerization to be pH dependent.[46] Folate
dimerizes easily if the N3−O4 amide of the pterin ring is fully protonated. The N3-O4
group undergoes a keto-enol tautomerization as shown in Figure 1.8.B. The pKa of this
amide group is reported to be 7.98 to 8.38.[46, 47] The dimerization constant (K d) of
neutral folate is 20 mM, which is less than the Kd of 340 mM for the basic form.[46]
Deprotonation of the N3-O4 amide results in enol formation and a negatively charged
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Figure 1.8 - Structural features of folate. Panel A shows the structures of folate with
atom numbers and a model for the folate dimer. Atom colors are gray for carbon, blue
for nitrogen and red for oxygen. Panel B shows the keto-enol tautomerization and
deprotonation of the N3-O4 group of the pterin ring of folate.
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oxygen, which repels the p-ABA ring of its partner folate, hinders the stacking of rings
and weakens dimerization.
1.8.A. Previous Studies using NMR and NOESY
Previous studies in our lab tested the preferential interaction of osmolytes (betaine
and DMSO) with folate using nuclear magnetic resonance (NMR) and nuclear Overhauser
spectroscopy (NOESY).[44] NMR was performed to study folate dimerization in the
presence of osmolytes. NMR experiments monitoring proton chemical shifts gave 2-fold
and 2.5-fold increases in the folate dimerization Kd in the presence of 20 % (w/v) betaine
and 20 % (v/v) DMSO, respectively (Figure 1.9 and Table 1.2).[44] These results indicated
preferential interaction of betaine and DMSO with the folate monomer. In other words,
these osmolytes interact with folate and need to be removed before two folate molecules
can associate. The NMR data also supported the head to tail model of dimerization as the
proton chemical shifts from the glutamate moiety showed no significant change with folate
concentration and osmolyte addition as can be seen in the lower most panel of Figure 1.9.
As folate dimerization was observed to be pH dependent, the pH titration of folate with
and without osmolyte addition was studied using absorbance. The pK a of the N3-O4 group
was noted to be 7.94 with no significant effect upon betaine and DMSO addition.[44]
Therefore, the weakening of dimerization was attributed to the weak interactions between
the osmolytes and folate.
Homonuclear (1H) Nuclear Overhauser Effect spectroscopy (NOESY) experiments
were also done to identify the position(s) in the folate structure where betaine and DMSO
may interact. In NOESY experiments, interactions between nuclei through space are
detected. NOE spectra were collected at a low folate concentration with and without the
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Figure 1.9 - Osmolyte Effects on Folate Dimerization. Effect of folate concentration on
the chemical shifts in 10 mM Tris-d11 (□), 10 mM Tris-d11 with 20% deuterated betaine
(△), and 10 mM Tris-d11 with deuterated DMSO (○). The pH was 7.1. Lines through the
data show the fit to a dimerization equation (Eq 2 in Duff et. al.)[44]. Data from Duff et
al.[44]
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Table 1.2. - Dimerization constants for folate obtained from NMR studies. The change
proton chemical shifts in 10 mM Tris-DCl buffer at pH 7.1 with and without osmolyte
addition was noted for protons at different positions and the dimerization constant was
obtained upon fitting each data for proton to the dimerization equation (Eq 2 from Duff
et.al.)[44] as listed in the Table. The sum of all these proton chemical shifts was also fit to
the dimerization equation and the Kd obtained is shown in the last column. Data taken from
Duff et.al.[44]

Kd (mM)

Osmolality
Osmolyte
(Osm)

C7

C9

C3’/C5’

C2’/C6’

Sum

No osmolyte

0.20

250 ± 20

60 ± 10

80 ± 10

150 ± 30

80 ± 10

20 % betaine

2.34

430 ±130 110 ± 20

90 ± 10

160 ± 50

160 ± 40

20 % DMSO

3.23

260 ± 70

160 ± 10 200 ± 40 280 ± 170 200 ± 20
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osmolytes. The NOEs noted in the spectra were between the protons on C7 with protons
on the C9 and C3′/C5′ atoms, and between the C9 proton and the C3′/C5′ protons, which
were expected for an extended monomeric folate. However, a change in sign for the NOE
between the C9 and C3’/C5’ protons from positive (without osmolytes) to negative (with
betaine or DMSO) was observed as seen in Figure 1.10.[44] This change in the sign of the
NOE suggested a slower rotational rate of the p-ABA ring protons, which is indicative of
an interaction between betaine (or DMSO) with the p-ABA ring of folate.[44] Due to a
lack of protons on the pterin ring, we were unable to monitor its interaction with betaine or
DMSO.
1.8.B. Previous Osmotic Stress Studies with Folate
Osmotic stress experiments probe the changes in solvation of folate molecules upon
addition of osmolytes. If osmolytes enter the hydration layer of folate, the bulk water
activity increases, whereas if the osmolyte is retained in the bulk solution, the water activity
decreases. The changes in bulk water activity (osmolality) are proportional to the number
of water molecules that exclude osmolyte from the hydration layer. Experiments were
performed to measure osmolalities of folate solutions with and without addition of
osmolytes. The number of water molecules in the hydration layer of folate that exclude
osmolytes were determined from the change in osmolality. The number of water molecules
in the folate hydration shell were predicted to be higher than observed from the
experimental data. The prediction was done from the accessible surface area of folate
assuming a single layer of water with an area of 9 Å2 per water molecule. The lesser number
of water molecules in presence of osmolytes indicates interaction of osmolytes with folate.
Thus, preferential solvation of folate by osmolytes betaine, DMSO, glycerol, ethylene
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Figure 1.10 - Osmolyte Dependent Changes in Folate NOEs. Stacked NOESY spectra
slices for 5 mM folate in (A) 10 mM Tris-DCl buffer (pH 7.0), (B) 10 mM Tris-DCl (pH
7.0) with 20% DMSO, and (C) 10 mM Tris-DCl (pH 7.0) with 20% betaine. Comparison
of the spectra shows a change in sign of the NOEs for the protons from C9 with the
C3′/C5′ protons. Data from Duff et al.[44]
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glycol, sucrose and PEG400 was detected. Similar osmometry experiments with the model
folate fragments p-aminobenzoyl glutamate (p-ABA-Glu) and pteridine-6-carboxylate
(P6C) with osmolytes showed interactions with both the folate fragments.[44]
As betaine is the osmolyte that is most strongly excluded from protein surfaces,
results obtained for betaine interactions with folate gave deeper insights on the preferential
interactions between osmolytes and substrate resulting in weakened DHF binding to
DHFRs (model in Figure 1.7). The pterin and p-ABA rings of folate are proposed to form
cation-π interactions with the quaternary amine of betaine. Thus, our former studies
indicate betaine interacts with the pterin and the p-ABA rings of the folate monomer and
hinders dimerization of folate as noted by NMR. Betaine was also found to preferentially
solvate folate with our osmometry studies.[44] In view of these background studies, we
were interested in further characterization and quantification of this weak interaction
between folate and betaine. As these interactions are comparable to interactions with water,
they are challenging to be quantified. Two approaches to quantify these interactions use
vapor pressure osmometry (VPO) and solubility assays.
1.8.C. Vapor Pressure Osmometry (VPO)
Extensive studies have been done by the Record lab to investigate the energetics of
osmolyte interactions with functional groups as compared to water.[48-50] The Record lab
has used a VPO method and a water-accessible surface area (ASA) analysis to quantify
and analyze the thermodynamics of interaction of osmolytes with model compounds
displaying biomolecular functional groups.[48] The VPO method measures the favorability
of a small molecule interacting with another solute/osmolyte as compared to water in a
three-component system (1-water, 2-test compound and 3-osmolyte). These studies
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quantify the preferential interaction potentials (μ 23/RT values) for the osmolytes interacting
with exposed functional groups on various compounds. The μ 23/RT value describes the
change in chemical potential of the test compound with the change in molality of the
osmolyte in solution. The change in osmolality going from the two component solutions
(osmolyte in water and test compound in water) to the three component solution can be
measured. Data analysis using Eq (1.2) gives the preferential interaction potential (µ 23/RT):

∆Osm ≅

Eq (1.2)

where ΔOsm is the difference in osmolalities of solution with the test compound and
osmolyte and the corresponding two component solutions, m2 and m3 are the molal
concentrations of test compound and osmolyte, respectively.
Figure 1.11.A displays two possible mechanisms of action of osmolytes.
Preferential interaction mechanism allows the osmolyte molecules to enter the hydration
shell and displace water molecules that in turn enter the bulk. The concentration of
osmolytes in the bulk is lowered resulting in a lower osmolality. On the other hand,
preferential exclusion of osmolyte molecules from the hydration shell, results in higher
concentration of osmolytes in bulk and therefore higher osmolality. The raw data plots
shown in Figure 1.11.B displays the measurements of osmolalities for the three solution
conditions done in a VPO experiment. The osmolalities of the two component solutions
(osmolyte in water and test compound in water) are measured initially, followed by
measuring the osmolality of the three component solution (test compound and osmolyte in
water). The changes in osmolalities with and without addition of the test compound
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Figure 1.11 - VPO Experiments Analyze Preferential Interaction and Exclusion between
Osmolytes and Test Compounds. The top panel represents the two possibilities in the three
component samples of VPO experiments. If the osmolytes are preferred in the hydration
layer, the osmolality in the bulk is lower whereas if the osmolytes are excluded from the
hydration layer, they remain in the bulk and result in a higher osmolality. Panel B shows
the osmolality versus osmolyte molality plots obtained for preferential interaction () and
preferential exclusion mechanisms (). Data points showing the osmolality for equal
preference for water and osmolyte situation are given in magenta (). The osmolalities
with increasing concentrations of the osmolyte in water are shown as (). The osmolality
of the test compound at a fixed concentration is given by () points. The corresponding
slopes are shown in panel C.
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(ΔOsm) can be analyzed using Eq (1.2) and the slope of the plot of change in osmolality
versus osmolyte concentration (in molality) gives the preferential interaction potential
which is the μ23/RT value. Negative slope (μ23/RT) represents preferential interaction
whereas positive slope (μ23/RT) represents preferential exclusion of the osmolyte. A slope
of zero is obtained when ΔOsm = 0 indicating equal preference of osmolytes and water in
the hydration shell of the test compound. The sign and magnitude of interaction potentials
determine the favorability and extent of preferential interaction, respectively. Negative
interaction potentials indicate a preference of the test compound for osmolyte over water
and positive interaction potentials indicate a preference for water. These interaction
potentials were deconvoluted into atomistic interaction potentials (α values) that depend
on the accessible surface area of each functional group.
Thus, interaction of osmolytes like betaine, proline, urea, glycerol and PEG with
various functional groups were obtained. Table 1.3 compares the atomistic interaction
potentials of betaine, proline and urea with different atom types. Using this information,
the role of water in biomolecular processes like protein folding, assembly and protein-DNA
interactions has been interpreted.[48-52]
Capp et al.[48] have studied the interaction of betaine with a set of model
compounds

containing

carboxylate,

phosphate,

amide,

hydroxyl,

ammonium,

guanidinium, aliphatic and aromatic hydrocarbon moieties. The μ 23/RT values obtained for
these compounds were dissected into additive contributions from chemically distinct
functional groups. The established set of values for each of the surface types coupled with
the water-accessible surface areas (ASA) can be used to predict the μ 23/RT of any
compound. Betaine was found to preferentially interact with aromatic groups, amide
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Table 1.3 - Atomistic interaction potentials (α values) deconvoluted from the 23/RT
values obtained for several test compounds using vapor pressure osmometry studies to
quantify interactions with osmolytes.[48-50] Negative interaction potentials mean
preferential interaction (shown in red) and positive values mean preferential exclusion
(shown in blue).

Atom type

Betaine

Proline

Urea

α values (104 × α (m–1 Å–2))

Aliphatic carbon

3±3

5.3 ± 1.3

–1.1 ± 0.5

Aromatic C

–23 ± 4

–9.2 ± 0.9

–8.9 ± 0.5

Hydroxyl O

1±2

–0.7 ± 1.3

–2.5 ± 0.6

Amide O

28 ± 10

14.5 ± 4.5

–8.5 ± 1.8

Amide N

–20 ± 7

–11.8 ± 3.2

–3.7 ± 1.6

Carboxylate O

29 ± 2

16.6 ± 4.3

–3.7 ± 1.6

Phosphate O

49 ± 4

18.0 ± 5.2

–5.8 ± 1.2

Cationic N

–12 ± 4

–12.6 ± 4.3

1.6 ± 1.7
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nitrogens and cationic nitrogens with negative α values whereas betaine is strongly
excluded from anionic and amide oxygens.[48]
As betaine is not a hydrogen bond donor, it was suggested to be a good hydrogen
bond acceptor with amide and cationic nitrogens relative to water. The favorable
interactions of betaine with aromatic surfaces was attributed to cation-π interactions
between the cationic quaternary amine of betaine and the π electron cloud on aromatic
surfaces. Formation of such interactions are also evident from crystal structures of betaine
binding/transporting proteins. Betaine binding sites in these proteins are lined by aromatic
residues forming a “box” that accommodates betaine via cation-π interactions.[53]
Betaine and proline are compatible solutes that have no to minimal deleterious
effects on biomolecule stability and function. These two osmolytes were suggested to form
energetically unfavorable interactions with aliphatic hydrocarbon, amide and/or oxygen
surfaces that are exposed upon protein unfolding. Betaine and proline are also excluded
from hydroxyl groups and negatively charged functional groups like carboxylate and
phosphate oxygen. The basis of this exclusion is the inability of these osmolytes to be Hbond donors. The macromolecules prefer to be solvated by water and maintain their
natively folded and functional states. Thus, the osmoprotectants work by the preferential
exclusion mechanism and facilitate burial of these surface types. This finding indicates
that betaine and proline are effective osmolytes as these molecules are preferentially
excluded from the macromolecular hydration shell, and are retained in the bulk solvent
thereby increasing the osmolality and countering osmotic stress. This mechanism of
preferential exclusion of osmolytes from the macromolecular surfaces aids the cell to
increase its volume thereby increasing the amount of intracellular water.[4]
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Urea was found to interact favorably with most of the functional groups owing to
its multiple H-bond donating and accepting capabilities.[50] Preferential interactions of
urea with amide backbone, aliphatic and aromatic surfaces contribute to its ability to
denature proteins. Urea is not used as an osmolyte by E.coli cells.[6]
In another study by the Record group, glycerol and tetra ethylene glycol were tested
for preferential interactions with several small compounds displaying various
macromolecular surface types.[52] This allowed modeling of interaction potentials of
proteins for polyethylene glycol (PEG). Glycerol is known to stabilize proteins in vitro due
to preferential exclusion from aliphatic and amide oxygen surfaces.
1.8.D. Solubility Assays
Solubility assays provide another approach to study thermodynamics of the weak
preferential interactions to determine the transfer free energy of a test compound from one
solvent system to another. The transfer free energy of a test compound from a pure aqueous
system to a mixed aqueous osmolyte system is based upon the solubility of the solute in
each of the systems. At the solubility limit of the test compound, i.e. at equilibrium, the
chemical potential of the test compound in both the solvent systems must be equal.[54]
Using this principle, transfer free energy measurements can be used to identify and
understand weak preferential interactions. The magnitude and sign of the transfer free
energy determines the preference of the test compound for one system over the other.
Negative transfer free energy indicates favorable solvation of the test compound by
osmolyte solution as compared to pure water.
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1.9 How Strong are the Preferential Interactions between Folates and Osmolytes?
We aim to quantify interactions between folates and osmolytes. The quantitation of
these weak short-range interactions between solutes relative to their interactions with water
is challenging, however it is essential for better understanding of enzyme function in vivo
where a crowded environment displays multiple functional groups available for
participating in these preferential interactions. Thus, prior knowledge of the extent of these
interactions will be beneficial in predicting the effects of osmolytes. VPO experiments
would provide a scale for studying weak interactions between folate and betaine relative to
water. Therefore, μ23/RT values can be used to predict osmotic stress effects on ligand
binding. In addition, solubility assays can quantify free energy of transfer of folate from
water to 1 M betaine solution. The results from these studies are discussed in Part 3.

1.10 Further Osmotic Stress Studies on R67 DHFR
As discussed earlier, the role of water in biochemical process can be probed by
addition of small molecule osmolytes that perturb water activity in osmotic stress studies.
Alteration in water activity results in changes in the hydration of macromolecules like
proteins. The protein associated water molecules exclude the osmolytes forcing them to
remain in the bulk. Results from our previous osmotic stress experiments with R67 DHFR
indicate preferential exclusion of osmolytes from the protein surface.[42] The tightened
binding of cofactor was noted in presence of all osmolytes tested. Moreover, the data
showed the similar extent of tightening effects, indicating preferential exclusion of all
osmolytes tested. To further assess osmolyte effects on protein, we chose to perform further
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studies using a coupled osmotic stress and small angle neutron scattering (SANS)
approach.

1.11 Small Angle Neutron Scattering (SANS)
Previous applications have shown SANS to be an efficient technique that can be
coupled with the osmotic stress experiments to study the solvation of proteins.[55-57] In
SANS, a beam of neutrons is elastically scattered by a sample and the resulting scattering
pattern is analyzed to provide information about the size, shape and orientation of some
component of the sample. The sample is placed in a cuvette and the intensity of scattered
neutrons is detected as a function of scattering angle. The SANS profile contains the
scattering intensity as a function of the amplitude of the scattering vector or momentum
transfer, q, given by Eq (1.3)

=

Eq (1.3)

where  is the wavelength of neutrons and  is half the angle between the incident and
scattered neutrons. At a constant , the scattering profile I(q) versus q represents the
scattering intensity as a function of scattering angle.
The SANS profile gives information about the shape and composition of the sample
molecules. The analysis gives the apparent radius of gyration (Rg) and zero angle scattering
intensity (I(0)) of the protein molecules in sample. Guinier analysis uses a linear plot of ln
I(q) versus q2 with a slope that is equal to -(Rg2)/3 and the intercept on the Y-axis gives the
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I(0) value. Guinier analysis gives an estimate of the radius of gyration of protein (R g) and
the zero angle scattering intensity I(0) using Eq (1.4) [58]

( ) = (0)

/

Eq (1.4)

where I(q) and I(0) are the scattering intensities at small angles (q) and at zero angle
respectively; and Rg is the protein radius of gyration. Guinier analysis uses the data points
at low q value. Further analysis of the data can also be done using the GNOM program in
the ATSAS package.[59] GNOM utilizes a Fourier transform of the scattering curve to
provide the probabilities of distances between the scattering particles and the maximum
dimension of the scattering species. It evaluates the particle distance distribution function,
P(R), in a defined range of distribution and yields the apparent radius of gyration (R g) and
zero angle scattering intensity I(0). Figure 1.12 shows the experimental set up and
preliminary data analysis. An advantage of neutron scattering is the difference in the
scattering from hydrogen and deuterium allowing for the identification of scattering signal
from individual components within a sample.
The scattering of neutrons from the target molecules (protein) and the bulk solvent
can be differentiated by generating a contrast of a hydrogenated protein in D2O buffer or
deuterated protein in H2O. Addition of hydrogenated osmolytes creates an additional
contrast that differentiates scattering into three regions- the protein, the protein associated
water and the bulk solution. Thus, the hydration layer also contributes to the scattering
intensity determined for the protein. The scattering profiles obtained at varying osmolyte
concentrations provide the changes in Rg and I(0), which gives information about the
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Figure 1.12 - Small Angle Scattering Experimental Setup and Data Analysis. Panel A
shows the experimental set up of a neutron beam incident on the sample and the detection
of scattered beam onto a detector. Panel B shows the representative scattering profile
(I(q) versus q). Data fitting by Guinier analysis and the Fourier transform by GNOM that
gives a pair-distance distribution are shown in panels C and D respectively. Panel B, C
and D are adapted from Reference.[60]
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number of osmolyte excluding water molecules in the hydration layer. The variation in I(0)
with osmolyte concentration gives the number of hydrating water molecules, whereas the
variation in Rg gives both the number and location of the water molecules in the hydration
layer. Thus, the waters responsible for osmolyte exclusion can be selectively studied in a
multi-component solution using SANS. This method has been used by researchers to study
the preferential hydration of small proteins.[55-57]
Recently, Stanley et al. probed the preferential hydration of two proteins- lysozyme
and guanylate kinase- with addition of osmolytes such as betaine and polyethylene
glycols.[56] The extent of osmolyte exclusion from these proteins as determined by SANS
was supported by ITC studies monitoring osmolyte effects on ligand binding.[56] We
utilize the SANS approach with an osmolyte mediated contrast variation by adding
hydrogenated osmolytes to the protein solution in deuterated buffer, which enabled us to
selectively obtain data for the hydration layer. The results from these experiments are
discussed in Part 4 of this thesis.
As R67 DHFR possess an intrinsically disordered region at the N-terminus of each
of its monomeric subunit, it offered us to explore additional aspects of R67 DHFR structure
using SANS while concurrently understanding the osmolyte effects on R67 DHFR. The
following section recaps the structural features of R67 DHFR and provides additional
details about the disordered the N-termini.

1.12 Disordered Tails of R67 DHFR
R67 DHFR was described above (section 1.4.B). It is the plasmid-encoded DHFR
that confers resistance against trimethoprim, a potent inhibitor of E.coli chromosomal
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DHFR (EcDHFR). R67 DHFR is a homotetramer with a single active site pore.[39] Two
monomers dimerize forming a six-stranded β barrel at the interface.[26] The tetramer is the
dimer of dimers involving loop–loop interactions. The crystal structure of the inactive
dimeric species yielded weak electron density for the first 16 -18 residues of the monomers
suggesting disorder in the N-terminal tails.[26] Additionally, the electron density for the
21st residue was weak with a high thermal factor. Use of several disorder predictors indicate
the N-terminal sequence is intrinsically disordered.[61] The N-terminal sequence can be
cleaved after Phe16 by chymotrypsin treatment and the truncated tetrameric protein was
crystallized by Narayana et. al. at a resolution of 1.7Å.[39] Further, the structure was
refined to a 1.1 Å resolution.[62] In addition to the first 18 amino acids, residues 20 and
21 also exhibited diffused electron densities and high thermal factors in the refined
structure obtained under cryo-cooling conditions at 100K. Thus, the stretch of residues 17–
21 appears to be disordered independent of the temperature at which the data were
collected. Electron densities for 21-23 were noted to be diffuse indicating high
mobility.[62]
Truncated R67 DHFR lacking the first 16 residues at the 4 N-termini retains
enzymatic activity with no significant changes in the kcat and Km parameters as determined
by steady state kinetics (see Table 1.4).[36] Also, in vitro protein unfolding studies found
the truncated R67 DHFR dimer to be less stable by 2.6 kcal/mol as compared to the full
length protein.[36] In addition, when a gene encoding the truncated protein is constructed,
no trimethoprim resistance is observed in vivo.[36] This suggests that either the N-termini
play a role in the in vivo stability and folding of R67 DHFR or different mRNA stabilities
result in protein expression differences.
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Table 1.4 - Comparison of kinetic parameters of full length and truncated R67 DHFR.
Data is obtained from Reece., et al.[36]
kcat

KM(DHF)

KM(NADPH)

(s-1)

(M)

(M)

Enzyme

1.3 ± 0.1 5.8 ± 0.1

3.0 ± 0.1

Truncated R67 DHFR 1.5 ± 0.1 7.2 ± 0.2

2.7 ± 0.1

R67 DHFR
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Other type II variants of DHFR (e.g. R388, R751) show different N-terminal
sequences but the same core sequence contributes to the -barrel structure.[61] Figure 1.13
shows the sequence alignment of the three type II DHFR variants. The disordered Nterminal sequences of these variants show non-identity whereas the rest of the protein
sequence is largely identical. A tandem array of four R67 DHFR gene copies encodes a
protein where the C- and N-termini of 1st and 2nd monomers are fused. Similar fusions were
generated between the 2nd and 3rd monomers and the 3rd and 4th monomers as well. The Ntermini regions serve as linker sequences and the resulting Quad1 protein was a monomer
with four times the molecular mass of the R67 DHFR subunit. Quad1 was found to be
stable as well as functional.[63] Another mutational design strategy included alternate
linker sequences using the disordered N-terminal sequences from other type II DHFRs.
The resulting Quad4 protein was found to be quite functional, however, it is less stable than
Quad1.[61] These various observations suggest that the N-terminal sequences of each of
these variants are malleable as well as unique. They may also play a role in the stability of
the overall protein structure.

1.13 Exploring Possible Role of the Disordered Tails
Disordered tails exhibit interconverting conformations that results in an ensemble structure
in solution. This inherent structural plasticity can result in functional diversity of disordered
tails. The regions of intrinsic disorder in proteins have been known to perform various
functions ranging from forming display sites, effectors, assemblers to just being flexible
entropic chains.[64, 65] The disordered sequences may function in the cellular signaling
pathway by displaying readily accessible sites for post translational
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Figure 1.13 - Sequence alignment of the type II DHFR variant sequences. Sequence
alignment is shown for comparison of three type II DHFR variants. Identical residues are
highlighted in yellow. Residues are color coded as per the sidechain property. (red-non
polar, blue-negatively charged, magenta- positively charged and green-neutral). The
sequence of R67 DHFR N-terminus was modified to 1MIRSSNEVSN10 to incorporate a
restriction endonuclease site.
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modifications. The effectors are the intrinsically disordered regions that are recognized by
other proteins and/or ligands leading to interactions that may regulate the protein activity.
These interactions often involve a disorder to order transition in the intrinsically disordered
regions. The role played by intrinsically unstructured chains in recognition and interaction
may also drive assembly of higher-order complexes. Intrinsically disordered segments in
proteins can function as entropic chains that sample a wide array of conformations ranging
from fully extended to compact forms. These entropic chains act as linkers or spacers
between domains. Additionally, disordered entropic chains may act as bristles protruding
from the ordered proteins. These entropic bristles stabilize the protein by preventing
aggregation.[66] Studies have shown that the disordered tails of ordered proteins often
undergo random movements and sample a large surface area. These unstructured
extensions, entropic bristles, are proposed to aid in enhancing the soluble expression of
proteins. The disordered tails can sample extended conformations exposing larger surface
areas to the solvent. For example, studies support the role of the C-terminal entropic bristle
in soluble expression of a human homologue of E.coli DNA glycosylase endonuclease
VIII.[67] These extended tails are thought to provide larger surface areas for hydration
thereby stabilizing the proteins. The stability of SUMO proteins is attributed to the
disordered N terminus that samples a large volume and restricts intermolecular interactions
which could lead to aggregation.[68]

1.14 What is the Role of Disordered N-Termini of R67 DHFR?
In vivo TMP resistance is not conferred on to the host cells by a gene encoding the
truncated R67 DHFR, indicating a role of the disordered N-termini in protein expression
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and stability. We used SANS to gain a deeper insight in the changes in the N-termini
conformation in different solution conditions. The SANS data for the apo protein contains
structural information for the core as well as the N-termini tails. As there is no structural
information about the N-termini, SANS data could be utilized to model the ensemble of
conformations sampled by the disordered tails in solution. The envelope of different
possible conformations would give deeper insight on the functional role of the N-termini.
One possibility is that the tails would form interactions with the ordered surface and/or
with other tail and can render higher stability to the protein.
As the main focus of our SANS measurements was to study osmotic stress effects
on R67 DHFR, we were curious to examine a possibility of structure attainment in the Nterminal tails upon osmolyte addition. Studies have shown that osmolytes exert protein
stabilizing forces via preferential exclusion mechanism. The ability of TMAO to force
folding of a modified RNase was attributed to its preferential exclusion from the peptide
backbone also termed as the solvophobic effect.[9, 69] This effect of TMAO on the peptide
backbone strongly destabilizes unfolded state thereby forcing the protein to fold. Thus,
TMAO and other excluded osmolytes can drive folding of intrinsically disordered proteins.
As betaine is one of the most excluded osmolyte, addition of betaine may drive a disorder
to order transition in the N-termini of R67 DHFR that can be evident from the changes in
the apparent radius of gyration (Rg) of the protein. SANS provides an excellent opportunity
to unambiguously measure the protein’s Rg with addition of deuterated betaine to create a
contrast between the protein and its environment.
Also, coupled binding and folding often occurs in intrinsically disordered proteins
as the Gibbs energy of the native state is lowered by using the binding energy of ligands to
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drive folding. DNA binding was shown to induce proteins with disordered domains to
fold.[70, 71] Ligand binding to R67 DHFR might result in structural changes in the flexible
tails that enable them to attain order. Our previous pressure perturbation calorimetry (PPC)
and densitometry measurements suggest R67 DHFR may become more compact when
DHF binds to the protein-NADP+ complex.[72] However, this prediction involves
subtraction of large values from large values (e.g. molar expansivity values obtained by
PPC experiments for the apo R67 DHFR, both the binary complexes and the ternary
complex) leaving a small value with substantial error. Thus, the change in molar
expansivity upon complex formation could not be robustly determined.[72] SANS is a
better suited tool to investigate any changes in the R67 DHFR N-terminus that may occur
upon ternary complex formation. The attainment of order may result in an overall
compaction of the structure, which may affect the R g of the protein. The data collected
using this method are discussed in Part 4 of the thesis.
The four N-termini of R67 DHFR can potentially function as entropic bristles and
aid in the soluble expression of the protein. Our data from SANS experiments could be
systematically analyzed to get information about the conformations sampled by the Ntermini in solution. This analysis employs generation of models for the sampling of the
disordered tails using the experimental SANS data as constraints. The best models obtained
provide a deeper insight on the realistic conformations of the N-termini in solution, which
may suggest the entropic bristle like function. The details of this analysis and its outcomes
are discussed in Part 4 of the thesis.
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2.1 Abstract
A weak association between osmolytes and dihydrofolate (DHF) decreases the
affinity of the substrate towards the E. coli chromosomal and R67 plasmid dihydrofolate
reductase (DHFR) enzymes. To test whether the osmolyte-DHF association also interferes
with DHF binding to FolM, an E. coli enzyme which possesses weak DHFR activity, ligand
binding was monitored in the presence of osmolytes. FolM affinity for DHF, measured by
kcat/Km (DHF), was decreased by addition of osmolyte. Additionally, binding of the antifolate
drug, methotrexate, to FolM was weakened by osmolyte addition. The changes in ligand
binding with water activity were unique for each osmolyte indicating preferential
interaction between osmolyte and folate and its derivatives; however additional evidence
found support for further interactions between FolM and osmolytes. Binding of the
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NADPH cofactor to FolM was monitored by isothermal titration calorimetry as a control
for protein-osmolyte association. In the presence of betaine (proposed to be the most
excluded osmolyte from protein surfaces), the NADPH Kd decreased, consistent with
dehydration effects. However other osmolytes did not tighten binding to cofactor. Rather
DMSO had no effect on the NADPH Kd while ethylene glycol and PEG400 weakened
cofactor binding. Differential scanning calorimetry of FolM in the presence of osmolytes
found that both DMSO and ethylene glycol decreased the stability of FolM, while betaine
increased the stability of the protein. These results suggest that some osmolytes can
destabilize FolM by preferentially interacting with the protein. Further, these weak
attractions can impede ligand binding. These various contributions have to be considered
when interpreting osmotic pressure results.

2.2 Introduction
If water is involved in an interaction, perturbation of water activity will alter
binding.

For example, closer contact distances usually exclude water.

Typically,

increasing the concentration of small molecule osmolytes results in tighter binding,
consistent with dehydration of the protein-ligand interface, which leads to stronger binding
as water is released.[1] We previously probed the role of water in R67 dihydrofolate
reductase (DHFR) by adding various osmolytes to steady state kinetic assays and ITC
binding experiments. Tighter binding of the NADPH cofactor and weaker binding of the
substrate, dihydrofolate, upon osmolyte addition were observed.[2]

While different

osmolytes had similar effects on NADPH binding, variable results were observed when
DHF binding was probed.
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Weaker binding of DHF in the presence of osmolytes can occur by either
destabilization of the enzyme-ligand complex or by stabilization of the free enzyme or the
free ligand. For R67 DHFR, as each symmetry related binding site accommodates either
NADPH or DHF and different behavior is observed upon osmolyte addition (either weaker
DHF binding or tighter cofactor binding, e.g. water release), we can use binding of NADPH
to R67 as an internal control.[2-4] This analysis suggests effects on the free enzyme or the
enzyme-cofactor complex are unlikely as numerous osmolytes have the same effect on
cofactor binding, consistent with a preferential exclusion mechanism where osmolytes are
excluded from the protein surface.[5-8] Elimination of these options for DHF binding
leaves osmolyte effects on free DHF. A corollary of the hypothesis that DHF has
differential interactions with osmolytes is that related osmolyte effects should then be
observed in any enzyme that uses DHF, for example the non-homologous chromosomal
DHFR from E. coli (EcDHFR).
Using the above logic, osmotic stress studies were performed using EcDHFR.[9]
Tighter binding of NADP+ and weaker binding of DHF were again observed. The slopes
associated with plots of ln Ka (DHF), the association binding constant, vs. ln water activity
were similar for EcDHFR and R67 DHFR. Since positive slope values associated with
ligand binding are unusual,[10-12] and as similar values are observed for DHF binding in
two quite different DHFR scaffolds, this result supports the hypothesis that osmolytes
associate weakly with free DHF. (If we consider the other side of the coin, as folate is
hydrophobic with a logP value of -3.875 (logP is a partition coefficient reflecting solubility
in water vs. octanol), water prefers to interact with the osmolytes rather than DHF.) This
model, depicted in Figure 2.1, uses a variation of the preferential interaction model where
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Figure 2.1 - A model showing the preferential interaction of osmolytes with free DHF.
Removal of water () and/or osmolytes () from the solvation shell of DHF is required
for the ligand to bind to DHFR. If the DHF-osmolyte association is stronger than the DHFwater interaction, the binding equilibrium is shifted to the left, favoring the unbound state.
This results in a decreased binding affinity for DHF to the DHFR. This model does not
exclude interactions between osmolytes and the protein.
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the osmolytes bind DHF, albeit weakly. If osmolytes are bound and more difficult to
release than water, then weaker binding of substrate to DHFR results. In this scenario, the
osmolytes shift the binding equilibrium towards the free DHF and enzyme species and
inhibit complex formation.
In the next step, we question the prevalence of this phenomenon by investigating if
other DHFRs continue to show the same behavior. Other enzymes capable of serving as
DHFRs have been identified in organisms lacking chromosomal DHFR, also known as
FolA.[13-15] For example, while pteridine reductase (PTR1) from Leishmania major
normally reduces biopterin and dihydrobiopterin, it can also reduce DHF. The homologous
gene in E. coli is ydgB (renamed folM).
The presence of FolM allows E. coli to grow even when the chromosomal DHFR
gene has been deleted as a double FolA (encoding EcDHFR) plus FolM deletion in E. coli
is synthetic lethal.[16] PTR1 and FolM are short chain dehydrogenases/reductases which
utilize an entirely different structure and active site residues (catalytic triad of K198-Y194D181 in PTR1).[17, 18] Most recently, FolM has been proposed to be a dihydromonapterin
reductase where this substrate has a pteridine ring with a –CHOH-CHOH-CH 2OH tail.[19]
A summary of available information describing EcDHFR, R67 DHFR, PTR1 and
FolM is given in Table 1.1 (Part 1).[20] Figure 2.2 compares the crystal structures for
EcDHFR, R67 DHFR and PTR1. While a structure and more kinetic information are
available for PTR1, we chose to work with the FolM protein from E. coli as PTR1 shows
substrate inhibition,[21] which could complicate the analysis of osmolyte effects on DHF
binding.
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Figure 2.2 - Structures of the various DHFRs. Panel A shows the E. coli chromosomal
DHFR structure (PDB code 1RA2).[22] Bound NADP + is shown in magenta and bound
folate in cyan. Panel B gives the R67 DHFR structure (PDB code 1VIF). Each different
color corresponds to a different monomer. The central doughnut hole is the active site.
Bound NADP+ and DHF are colored magenta and cyan, respectively.[4] Panel C provides
the L. major PTR1 structure (PDB code 2BFA).[18] Each different monomer is colored
differently. Bound NADPH and CB3717 are shown in magenta and cyan.
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2.3 Materials and Methods
2.3.A. Protein Expression
The FolM gene from E. coli cloned into pET21B was a generous gift from Dr.
Andrew Hanson, University of Florida, Gainesville.[19] This FolM construct carries an
N-terminal His tag (MGHHHHHHH-), and expression is controlled by a lac promoter.[13]
The plasmid was transformed into Rosetta 2 E. coli cells (EMD Millipore). For protein
expression, cells were grown at 37 °C in TB media containing 100 g ampicillin/ml and
30 g chloramphenicol/ml. When the optical density reached 0.6 at 550 nm, IPTG was
added to give a final concentration of 1 mM. Cells were grown for an additional 5 hours,
centrifuged and frozen. For lysis, cells were resuspended in 50 mM sodium phosphate
buffer (pH 8.0) containing 300 mM NaCl plus 20% (v/v) glycerol, and sonicated.
Purification entailed loading and elution from a Ni2+ nitrilotriacetic acid agarose column
(Qiagen). The protein was eluted in the same buffer using a gradient from 10-250 mM
imidazole. SDS PAGE analysis showed a single band, and fractions were flash frozen in
liquid N2 and stored at -80°C. An Econo-Pac 10DG column (BioRad) was used to
exchange buffers upon defrosting.

Protein concentrations were determined using a

bicinchoninic acid (BCA, Pierce) assay.
2.3.B. Steady-State Kinetics
Steady-state kinetic data were obtained at 30 oC in MTA polybuffer at pH 6.0 using
a Perkin-Elmer 35 spectrophotometer as described previously.[23] MTA buffer consists
of 50 mM MES plus 100 mM Tris plus 50 mM acetic acid; it maintains a constant ionic
strength (=0.1 M) from pH 4.5-9.5.[24] Protein concentrations in the assay were 95-280
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nM. To remove a lag, the enzyme was preincubated with NADPH and the reaction initiated
by DHF addition. DHF Km values were measured in the presence of saturating NADPH
(32-76 M). Initial rates were fit to the Michaelis-Menten equation in SigmaPlot. DHF was
prepared by reduction of folate as per Blakley.[25] NADPH was purchased from Alexis
Biochemicals. Concentrations of DHF and NADPH were measured using their respective
extinction coefficients at 340 nm, 7.75  103 M-1cm-1 and 6.23 x 103 M-1cm-1.[26] The
extinction coefficient for the DHFR reaction is 12.3 x 103 M-1cm-1.[27]
2.3.C. Isothermal Titration Calorimetry (ITC)
Affinities, stoichiometries and enthalpies of binding were determined as previously
described.[3] At least two replicate titrations were performed using a VP-ITC
microcalorimeter from MicroCal. 240 seconds separated each injection, allowing for
baseline equilibration. FolM concentrations ranged from 8.5-15 μM in MTA buffer, pH 6.
For titrations with osmolyte present, MTA buffer plus osmolyte was used in the reference
cell. The “c value” (= [Ptotal] / Kd) ranged from 1-8, within the suggested values of 11000.[28]
Origin v7 software was initially used to analyze the ITC data. The data were then
exported into SEDPHAT; this program allows global fitting of replicate data sets.[29] A
single sites model (A + B  AB) was used for the fitting process and errors were calculated
using the Monte Carlo for non-linear regression option. For some experiments, baseline
slopes and noise hindered integration of the ITC data by Origin. Therefore, the automated
peak analysis program NITPIC[30] was used to integrate those data files to obtain the heat
for each injection before further analysis with SEDPHAT.
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2.3.D. Ultracentrifugation
Sedimentation velocity experiments were performed using absorbance optics in a
Beckman Optima XL-I ultracentrifuge. The FolM sample was exchanged into MTA
buffer, pH 6 and 15.7 M FolM monomer was used in the experiment. Sedimentation
velocity analysis was carried out at 50,000 rpm and 25 oC using an An50 Ti eight-hole
rotor. Sedimentation velocity analysis was performed by direct boundary modeling using
the

Lamm

equation

and

the

SEDFIT

program

(see

www.analyticalultracentrifugation.com). [31] Partial specific volume (=0.7269) and buffer
viscosity

values

were

determined

using

the

SEDNTERP

program(see

www.jphilo.mailway.com/download.htm). [32] The density of the buffer was determined
using an Anton Paar DMA 35 vibrating tube density meter.
2.3.E. Water Activity Measurements
Solution osmolality was measured using a Wescor 5500 vapor pressure osmometer.
This value was converted into water activity according to the equation:

aH2O = e-0.018 × osmolality

Eq (2.1)

where aH2O is the water activity.[33]
2.3.F. Differential Scanning Calorimetry
Thermal unfolding of FolM was monitored between 25 and 95 oC using a Microcal
VP differential scanning microcalorimeter (DSC). The instrument was operated using the
data acquisition and analysis program (Origin 7.0) supplied by the manufacturer. 9-11 M
FolM (monomer concentration) samples were prepared in MTA polybuffer, pH 6, plus or
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minus osmolytes. Scan rates were 1 oC per minute and 1.5 oC per minute. Scans were
repeated three times.
2.3.G. Circular Dichroism
CD was used to monitor the effect of cosolvents on the secondary structure of FolM
using an AVIV Model 202 instrument. Briefly, at least 5 scans were accumulated on
samples containing 9 µM protein in 50 mM phosphate buffer with 100 mM NaCl pH 6.0
plus or minus osmolyte using 0.5 nm steps and a two second integration. An average
spectrum was calculated. The CD data were normalized as the mean residue ellipticity by
using 110 g/mol as the mean residue molecular weight.[23]
2.3.H. Fluorescence Quenching
Binding of methotrexate (MTX, from Sigma-Aldrich) to 2 M FolM was monitored
in MTA buffer (pH 6) using tryptophan fluorescence as per Zhuang et al.[34] MTX
concentrations were determined at pH 13.0 using an extinction coefficient of 22,000 M -1
cm-1 at 302 nm.[35]

Spectra were collected on a Perkin Elmer LS55 fluorimeter. The

sample was excited at 295 nm and emission spectra were recorded from 315 to 450 nm.
Data were fit to Eq (2.2):

Fl  Fo  0.5Fo Ptot  Kd  Ltot 


Ptot  Kd  Ltot 2  4Ptot Ltot 


Eq (2.2)

where Fl is the observed fluorescence, Ltot is the total ligand concentration, and Ptot, Kd and
Fo are variables describing the number of enzyme binding sites, dissociation constant and
fluorescence yield per unit concentration of enzyme, respectively.
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2.3.I. Homology Modeling
A homology model was created for FolM in MOE v.2010 (Chemical Computing
Group, Montreal, Canada) using the 2BFA PDB structure of L. major PTR1 as a
template.[18] Primary sequences for FolM and PTR1 were aligned and FolM was modeled
as a tetramer. Modeling was performed using the ligands bound in the 2BFA structure
(NADPH and 10-propargyl-5,8-dideazafolate) as additional templates for the active site of
the protein. The homology model with the fewest deviations in the  and  angles from
Ramachandran values is described below.

2.4 Results
2.4.A. Ultracentrifugation
A previous comparison of PTR1 and FolM primary sequences[13] using the ClustalW
program yields a score of 22, where the score describes “the number of identities between
the two sequences, divided by the length of the alignment, and represented as a
percentage.”[36] To determine if any homology extends past the primary sequence, the
oligomerization state of FolM was assessed via sedimentation velocity analysis. The
monomer mass of FolM with an N-terminal Histag is 27,496.5 daltons according to Expasy
ProtParam[37] calculations. Figure 2.3 shows the ultracentrifugation data which indicate
that FolM has an s value of 5.85 S, corresponding to a mass of 106 kilodaltons. This mass
is consistent with FolM being a tetramer, suggesting a structural homology with PTR1
beyond that of the primary sequence as PTR1 is also a tetramer.
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Figure 2.3 - Sedimentation velocity data for FolM (15.7 M) in MTA buffer, pH 6.0. The
ultracentrifugation of FolM was monitored by the change in absorbance at 280 nm. The
data were fit to the sedimentation distribution constant, c(s), model in SEDFIT. A mass of
106 kDa was obtained, which indicates FolM forms a tetramer (monomer mass of 26.3
kDa). No evidence of other oligomerization states was noted.
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2.4.B. Homology modelling
Using this information, a homology model for FolM was constructed from the
2BFA PDB structure of tetrameric PTR1 (with bound NADPH and 10-propargyl-5,8dideazafolate, e.g. CB3717).[17, 18] Figure 2.4 shows this predicted structure. The
predicted catalytic triad residues, D139, Y152 and K156, remain in the active site,
suggesting a reasonable model. Also, R17, S87 and W89 occur in the active site of the
FolM homology model; the comparable residues in PTR1 interact with the
dihydrobiopterin substrate in the 1E92 structure.
2.4.C. Stability
As our initial forays with FolM found it tended to precipitate in low ionic strength
phosphate buffer and at higher pH values, we investigated its stability using differential
scanning calorimetry (DSC). Figure 2.5.A shows the resulting thermogram. Use of a twostate transition to fit the DSC thermogram did not accurately encompass the entire
transition, so a three-state transition was used for fitting, yielding two T ms of 60.5  0.8C
and 63.0  0.3 C (1.5 C/min scan rate). The calorimetric enthalpy (ΔH d) for the first
transition was 42.4 ± 3.4 kcal / mol, while the ΔHd for the second transition was 32.4 ± 3.5
kcal / mol. Thermal denaturation of FolM results in protein precipitation; thus, the scans
are not reversible. Irreversible unfolding prohibited obtaining further thermodynamic
information, such as the van’t Hoff enthalpy.[38, 39] We also considered whether FolM
might display kinetic stability effects where a high free-energy barrier between the native
and unfolded state keeps either the unfolded or an intermediate state from aggregating.[40,
41] This possibility can be tested by decreasing the scan rate.[40] As shown in Figure
2.5.B, a slower scan rate of 1C/min results in lower Tms for both transitions (58.7  6.2 C
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Figure 2.4 - A FolM homology model. The shown model constructed by MOE v.2010
(Chemical Computing Group, Montreal, Canada) based on the 2BFA crystal structure of
L. major PTR1.[18] Each different monomer is shown in a different color. The putative
binding sites for NADPH (CPK, magenta) and 10-propargyl-5,8-dideazafolate (CB3717,
cyan) used in the homology modeling process are shown.

75

Figure 2.5 - Thermal denaturation of FolM by DSC. Panel A shows the fit of DSC data for
FolM (11 M) in MTA, pH 6.0 buffer at a scan rate of 1.5 C / min. The solid black line
is the DSC thermogram. The dashed black lines are fits of each of the transitions in the
thermogram. The sum of the individual transition fits is shown as a dotted line which
overlays the thermogram data. Fits of the data yield a Tm1 of 60.5  0.8C and a Tm2 of
63.0  0.3 C. Panel B shows DSC thermograms for 11 M of the FolM protomer scanned
at 0.5 C / min (solid line) and 1.5 C / min (dashed line). The data were fit with onetransition, cooperative unfolding models yielding T ms of 58.7  6.2 C and 61.4  1.0 C
for the 1 C / min and 60.1  0.6 C and 62.7  0.3 C for 1.5 C / min scan rates. Thermal
denaturation of FolM was not reversible as no transition was noted for a second scan of the
sample.
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and 61.4  1.0 C), suggesting FolM displays kinetic stability effects.[41] Additional DSC
scans were performed for a range of FolM concentrations (4 to 11 M) at a scan rate of 1.5
C/min (data not shown). Both Tms and the ΔHd for the first transition were constant as
the protein concentration changed.

The ΔHd for the second transition increased

approximately two-fold as the FolM concentration was changed from 4 M to 11 M. The
protein concentration dependence of the FolM thermogram suggests that a conformational
change best describes the event accompanying Tm1, while Tm2 is related to tetramer
dissociation. Alternatively, increased aggregation of the denatured protein at higher
concentrations of FolM could lead to an artificial change in Tm2.
2.4.D. Steady State Kinetics
Previous characterization of FolM found higher activity at lower pH.[13, 19] To
balance increased FolM activity with DHF solubility and NADPH stability issues, we also
performed our assays at pH 6. Our steady state kinetic values in MTA buffer are listed in
Table 1.1. Both Giladi et al.[13] and Nare et al.[21] report V max values of 0.083 mol min1

mg-1 for FolM and 0.38 mol/min/mg for PTR1. While we report k cat (per FolM

monomer) in Table 1.1, our Vmax value (0.52 mol/min/mg) is slightly higher than for
PTR1 (0.38 mol/min/mg),[21] and both are higher than the value for FolM from Giladi
et al. (0.083 mol/min/mg).[13] Our DHF Km value is also ~2 fold smaller than the value
of Giladi et al.[13] These differences may arise due to variations in buffer and/or protein
stability as Giladi et al.[13] used 0.1 M phosphate buffer and Pribat (personal
communication)[19] found addition of 100 mM NaCl helped minimize protein
precipitation in low ionic strength phosphate buffer. Additionally, the crystal structure of
pteridine reductase (PTR1) from Leishmania donovani shows sulfate occupying the
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phosphate binding site of the adenine-ribose phosphate for the NADPH cofactor.[42] The
use of phosphate buffer by Giladi et al.[13] may provide some level of competition for
cofactor binding.
2.4.E. Osmolyte Effects
To determine if osmolyte addition alters the secondary structure of FolM, CD scans
were obtained in several osmolytes that do not absorb in the far UV range. Figure 2.6
shows only minor effects, suggesting osmolyte addition does not alter protein structure
drastically.
Cofactor binding was also monitored by ITC. A representative thermogram is
shown in Figure 2.7. Thermodynamic values for the binding of cofactor are given in Table
2.1. A linear trend between ln Ka

(NADPH)

and ln water activity was noted for all the

osmolytes used to examine cofactor binding (Figure 2.8). The slope of this plot indicates
the preferential interaction or exclusion of the osmolytes involved in NADPH binding to
the enzyme. The slopes associated with the individual osmolytes for this type of plot are
given in Table 2.2. As betaine has been proposed to be the most excluded osmolyte from
protein surfaces,[43] it is not surprising that addition of betaine decreased the cofactor K d
(or increased the cofactor Ka). Glycerol addition also resulted in tighter cofactor binding.
In contrast, the change in the Kd (NADPH) in the presence of DMSO (10%, 15% and 20%)
was within error of the value for buffer alone (Figure 2.9.A). However, cofactor binding
was weakened in the presence of ethylene glycol or PEG 400 (see Figure 2.9.B for a plot
of the PEG400 data).

This pattern of no effect or weakened binding of cofactor in the

presence of osmolytes was not noted for R67 DHFR,[2] and only sucrose decreased the
binding of NADP+ to EcDHFR,[9] suggesting a more complex behavior associated with
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Figure 2.6 - Effect of osmolytes on the secondary structure of FolM. CD spectra were
recorded for FolM (9 M) in 50 mM Na2HPO4, 100 mM NaCl, pH 8.0 buffer (black line),
or buffer plus 1.5 M sucrose (red line), buffer plus 10% ethylene glycol (blue line), or
buffer plus 10% glycerol (magenta line).
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Figure 2.7- Representative ITC data. Panel A represents a raw ITC thermogram for the
titration of NADPH (553 M) into FolM (9.65 M) in MTA, pH 6.0 at 25 C. In panel B,
the NADPH binary complex isotherm was fit in SEDPHAT using a single-site model. The
fit yielded a binding affinity (Kd) of 3.25 M with a stoichiometry (n) of 1.16 and a ΔH of
-15.6 kcal/mol. Residuals for the fit are shown underneath the plot.
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Table 2.1 - Binding of NADPH to FolM in the presence of various osmolytes in MTA
buffer, pH 6 at 25 °C. The data are from global fits of at least two ITC data sets using
SEDPHAT and a single sites model (A+B  AB).[29] The G values were calculated
from the equation G = –RT ln Kd and TS values from G = H -TS. Data for DMSO
were obtained with a different prep of FolM.
Buffer
and/or
osmolyte
addition
MTA
MTA + 10
% betaine
MTA + 20
% betaine
MTA + 10
% glycerol
DMSO
MTA
+ 20
% glycerol
MTA + 10
% ethylene
glycol
MTA + 20
% ethylene
glycol
MTA buffer
control for
PEG400
MTA + 10
% PEG400
MTA + 20
% PEG400
MTA buffer
control for
DMSO
MTA + 10
% DMSO
MTA + 20
% DMSO

n

Kd
(M)

G
(kcal/mol)

H
(kcal/mol)

TS
(kcal/mol)

3.86 ±
0.29
1.94 ±
0.11
1.61 ±
0.17
3.62 ±
0.46
3.11 ±
0.28

-7.38

-16.7 ±
0.68

-9.35

-7.79

-21.8 ± 0.3

-14.0

-7.90

-21.3 ± 0.7

-13.4

-7.42

-18.2 ± 1.4

-10.8

-7.51

-21.4 ± 1.1

-13.8

5.13 ±
0.84

-7.22

-20.2 ± 1.8

-12.9

0.82 ±
0.05

1.90

4.79 ±
0. 80

-7.25

-19.2 ± 2.0

-12.0

0.73 ±
0.04

3.55

2.69 ±
0.13

-7.60

-19.4 ± 1.3

-11.9

0.97 ±
0.01

0.22

-7.40

-19.8 ± 0.7

-12.4

-7.22

-17.9 ± 1.5

-10.7

-7.53

-15.1 ± 0.1

-7.57

-7.54

-19.7 ± 1.3

-12.2

-7.42

-21.1 ± 4.1

-13.6

3.74 ±
0.28
5.05 ±
0.58
2.99 ±
0.54
2.91 ±
0.48
3.57 ±
0.64
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0.84 ±
0.01
0.88 ±
0.01
0.89 ±
0.01
0.69 ±
0.02
0.65 ±
0.02

0.94 ±
0.01
0.80 ±
0.03

Osmolality
(Osm)
0.22
1.31
2.17
1.56
2.69

0.57
1.05

0.98 ±
0.04

0.22

0.91 ±
0.02
0.88 ±
0.06

1.56
2.68

ln(Ka (NADPH))

13.5
13.0

Betaine
Glycerol

12.5
12.0

Ethylene
Glycol

11.5
-0.06

-0.03

0.00

ln(ao)
Figure 2.8 - Effect of osmolytes on NADPH binding to FolM in MTA, pH 6.0. Binding was
measured using ITC. Data in buffer are given by  points, buffer plus betaine ( point,
long dash line), glycerol (, dotted line), or ethylene glycol (
are shown and in some cases are smaller than the data symbols.
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dot-dash line). Error bars

Table 2.2 - A comparison of the slopes for the ln (Ka) versus ln (ao) plots describing
cofactor binding to FolM, R67 DHFR and EcDHFR. A negative slope is consistent with
release of water upon ligand binding, while a positive slope describes preferential binding
effects that shift the equilibrium towards the unbound state.

Osmolyte

 ln(K a )
for
 ln(ao )
NADPH binding to
FolM

 ln(K a )
for
 ln(ao )
NADPH binding
to R67 DHFRa

 ln(K a )
for
 ln(ao )
NADP+ binding to
EcDHFR•DHFb

Betaine
DMSO
Sucrose
Ethylene Glycol
Glycerol
PEG400

-24 ± 7
5±4
NDc
4±3
-5 ± 1
38 ± 12

-38 ± 6
-38 ± 6
-38 ± 6
-38 ± 6
ND
-38 ± 6

-14 ± 5
-24 ± 3
-5 ± 4
-10 ± 3
-5 ± 2
-47 ± 8

a

Data for the non-homologous R67 DHFR were previously measured by steady state kinetics (kcat/Km (DHF))
(Reference [2]). ITC was also used to monitor ligand binding in R67 DHFR for a subset of the osmolytes
(Reference [2]).
b
Data for EcDHFR were previously measured by ITC (Reference [9]).
c
Data not determined.
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Figure 2.9 - Effect of DMSO and PEG400 on NADPH binding to FolM. Data from ITC
experiments done with DMSO (panel A) and PEG (panel B) in MTA buffer, pH 6.0, 25 °C
are shown separately from Figure 2.5 as they are from two different protein preparations
and the value for the MTA buffer control () is 1.3 fold different for the DMSO data ()
and 1.4 fold different for the PEG400 data ().
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ln(Ka (NADPH))

ln(Ka (NADPH))

13.0

FolM.
The thermal stability of FolM was studied to understand the weakening of cofactor
binding by osmolytes. The effects of betaine, DMSO, and ethylene glycol on the thermal
stability of FolM were examined by DSC (Figure 2.10.A).

Betaine increased the

temperature at which FolM melted and broadened the thermogram, while DMSO decreased
the melting temperature and narrowed the thermogram. The denaturation peaks still fit to
two transitions. Increases of 8.8 and 9.2 C for Tm1 and Tm2 were noted in 20% betaine
compared to FolM in buffer, see Figure 2.10.B. When DMSO was considered, addition of
20 % solute decreased Tm1 by 8.5 C and Tm2 by 9.1 C. Similarly, Tm1 and Tm2 decreased
by 5.9 C and 6.8 C, respectively, in the presence of 20% ethylene glycol. The changes
in Tms were linear for betaine, ethylene glycol and DMSO osmolality, however opposite
slopes were observed. For all three osmolytes, ΔHd (calorimetric enthalpy of denaturation)
was unchanged for the first and second thermal transitions. These results parallel other
reports in the literature where osmolytes affect the hydration shell of the protein.[44-48]
When osmolytes associate with the protein surface, they are destabilizing. When osmolytes
are excluded from the protein surface, they are stabilizing.
The effects of osmolytes on kcat/Km (DHF) were investigated next. Three different
osmolytes (betaine, DMSO and sucrose) were initially chosen as they previously had
significant effects on DHF binding to R67 DHFR and EcDHFR. These osmolytes also
have different characteristics and can be used to parse out effects on viscosity and/or
solution dielectric. For example, while sucrose and betaine both affect water activity, they
provide opposite effects on the dielectric constant of the solution.[1, 49, 50] If both
compounds show similar results in osmolality plots, then effects on the dielectric constant
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Figure 2.10 - The effect of osmolytes on the thermal stability of FolM in MTA, pH 6.0.
Panel A shows the data obtained for FolM in buffer (black line), buffer + 10% betaine
(magenta line), buffer + 20% betaine (red line), buffer + 10% DMSO (cyan line) and buffer
plus 20% DMSO (blue line). All DSCs were performed with a scan rate of 1.5 C / min.
(B) Effect of betaine (), DMSO () and ethylene glycol ( ) on the Tm1 of FolM in
MTA, pH 6.0. The effects of betaine, DMSO and ethylene glycol on T m2 are shown in the
inset.
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are not involved. Using steady state kinetics, we find osmolyte addition increases the K m
(DHF)

(Table 2.3). Figure 2.11 shows the linear relationships associated with plots of ln

kcat/Km (DHF) vs. ln water activity. As a precaution, we also plotted effects on solution
viscosity or solution dielectric and overlapping data were not observed. These figures are
presented as Figure 2.12, panels A and B. No effects on kcat were noted except for ~1.5
fold increases in 20% glycerol, 20% ethylene glycol and DMSO. In general, the slopes for
FolM compare with those previously determined for R67 DHFR and EcDHFR, providing
further support for our model in Figure 2.1. The effects of larger molecular weight
osmolytes on DHF binding to FolM were explored using polyethylene glycols (PEGs).
Kinetic experiments using PEG400 and PEG3350 were performed with a separate FolM
prep that yielded a 1.8x higher kcat/Km,(DHF) value in MTA buffer. PEGs have a larger effect
on kcat/Km (DHF) compared to small molecule osmolytes.
As Km can contain kinetic terms, Kd measurements would also be appropriate to
test osmolyte effects on binding. ITC measurements of DHF binding to either apo FolM
or the FolM-NADP+ binary complex using ITC were unsuccessful due to a low signal and
DHF degradation over the 2-3 hrs of the titration. Therefore, we turned to binding of the
antifolate methotrexate (MTX). MTX is stable at pH 6 and provides a reasonable signal.
It also provides a window into osmolyte effects on folate analogs. The titration of MTX
into apo FolM gave no discernible heat signal. The lack of heat released or absorbed during
the titration could be due to either no binding or no signal associated with binary complex
formation.

To differentiate between these scenarios, the quenching of tryptophan

fluorescence upon MTX binding to FolM was measured. This titration was fit to Eq (2.2)
as shown in Figure 2.13, yielding a Kd (MTX) of 0.90 ± 0.24 µM with a stoichiometry of 0.84
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Table 2.3 - Steady state kinetic parameters for FolM obtained at pH 6, 30 °C. The DHF
concentration was varied in the presence of saturating NADPH concentrations and the data
were fit to the Michaelis-Menten equation.
Buffer and/or
osmolyte addition
MTA buffer
MTA + 10%
betaine
MTA + 20%
betaine
MTA + 10%
DMSO
MTA + 20%
DMSO
MTA + 10%
glycerol
MTA + 20%
glycerol
MTA + 10%
ethylene glycol
MTA + 20%
ethylene glycol
MTA + 0.75M
sucrose
MTA + 1.5M
sucrose
MTA + 10%
PEG400
MTA + 20%
PEG400
MTA + 10%
PEG3350
MTA + 20%
PEG3350
MTA + 10%
PEG8000
MTA buffer
control used for
PEG data

kcat (s-1)

Km (DHF) (μM)

0.24 ± 0.01

4.3 ± 0.6

Osmolality
(Osm)
0.256

0.20 ± 0.01

7.0 ± 0.6

1.14

0.23 ± 0.01

15.0 ± 0.9

2.10

0.30 ± 0.01

8.1 ± 0.6

1.62

0.32 ± 0.01

12.2 ± 1.4

3.10

0.23 ± 0.01

3.8 ± 0.3

1.56

0.28 ± 0.01

5.4 ± 0.4

2.92

0.21 ± 0.01

5.5 ± 0.5

1.83

0.32 ± 0.01

6.6 ± 0.3

3.46

0.21 ± 0.01

5.2 ± 0.8

1.31

0.21 ± 0.01

9.3 ± 1.4

2.40

0.31 ± 0.01

6.1 ± 0.7

0.575

0.22 ± 0.01

8.5 ± 0.8

1.05

0.20 ± 0.01

3.8 ± 0.5

0.37

0.21 ± 0.01

9.6 ± 1.0

0.54

0.20 ± 0.01

12.7 ± 1.2

0.32

0.26 ± 0.01

2.6 ± 0.5

0.267

89

Glycerol
Ethylene Glycol
Buffer

10.5

ln (ao)
-0.075

Sucrose

-0.050

-0.025

12.5

9.5
9.0
-0.075

Betaine

m (DHF)

)

10.0

DMSO

ln (1/K

ln(kcat/Km (DHF))

11.0

-0.050

12.0
11.5
11.0

-0.025

0.000

ln(ao)

Figure 2.11 - Effect of osmolytes on the DHF-reduction activity of FolM in MTA buffer,
pH 6.0. Activity studies were performed in the presence of buffer (), betaine (), DMSO
(), sucrose (), glycerol () and ethylene glycol ( ). The change in 1/Km (DHF) with
water activity (ao) is shown in the inset. Slopes of the plots are provided in Table 2.4.
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Table 2.4 - A comparison of the slopes for the ln (Ka) versus ln (ao) plots describing
substrate binding to FolM, R67 DHFR and EcDHFR. A negative slope is consistent with
release of water upon ligand binding, while a positive slope describes preferential binding
effects that shift the equilibrium towards the unbound state. Slopes for ln (K a) versus ln
(ao) plots describing methotrexate binding are also included in the last column.

 ln(K a )
 ln(K a )
 ln(K a )
 ln(K a )
for
for
for
for
 ln(ao )
 ln(ao )
 ln(ao )
 ln(ao )
Osmolyte DHF binding DHF binding to
MTX binding
DHF binding to
to
R67
to
EcDHFR•NADP+c
FolM•NADPHa DHFR•NADP+b
FolM•NADPH
39 ± 2
60 ± 13
34 ± 9
35 ± 10
Betaine
14 ± 1
41 ± 7
29 ± 1
ND
DMSO
24 ± 4
40 ± 4
30 ± 2
ND
Sucrose
Ethylene
2±6
25 ± 8
13 ± 1
11 ± 1
Glycol
-4 ± 1
16 ± 3
18 ± 1
8±1
Glycerol
24 ± 4
78 ± 11
64 ± 5
NDd
PEG400
a

Data for FolM were measured using steady state kinetics (kcat/Km (DHF)).
Data for the non-homologous R67 DHFR were previously measured by steady state kinetics (kcat/Km (DHF))
(ref [2]). ITC was also used to monitor ligand binding in R67 DHFR for a subset of the osmolytes (ref [2]).
c
Data for EcDHFR were previously measured by ITC (ref [9]).
d
Data not determined
b
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Figure 2.12 - Effects of Viscosity and Dielectric Constant on the change in ln(kcat/Km) for
the reduction of DHF by FolM. Panel A shows plot of ln(kcat/Km) versus osmolyte solution
viscosity. A lack of correlation between the FolM activity and the solution viscosity
indicates the osmolyte effect on activity is not related to this parameter. Relative viscosities
of the osmolyte solutions were taken from Chopra et al.[2] Plot of the change in ln(k cat/Km
(DHF))

for FolM versus the dielectric constant of the osmolyte solutions is shown in panel

B. A lack of correlation between the FolM activity and the solution dielectric value
indicates the osmolyte effect on activity is not related to the dielectric properties of the
solution. Dielectric coefficients were calculated using a dielectric increment equation
according to Edsall.[49] Activity studies were performed in the presence of buffer (),
betaine (), DMSO (), sucrose (), glycerol () and ethylene glycol ().
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± 0.20 MTX bound per FolM monomer. Previous fluorescence studies using apo PTR1
found folate binds with a Kd of 13 M [51] and DHF binds with a Kd of 10 M.[21] Product
inhibition studies as well as the PTR1 crystal structure indicate an ordered mechanism with
cofactor binding first, followed by substrate.[17, 21] For our ITC titration of MTX into
FolM, the observation of no heat signal indicates entropy driven binding. As MTX is
reasonably hydrophobic (logP = -2.1654), this may be due to desolvation effects.[52] MTX
binding to the FolM-NADPH binary complex was also measured by ITC. A K d of 3.68 
0.39 M was obtained for MTX binding to the FolM-NADPH binary complex, which is
close to the Ki of 5.9 M determined by Giladi et al.[13] The effects of betaine, glycerol
and ethylene glycol on MTX binding were also examined (Table 2.5). Compared to buffer
alone, the Kd (MTX) increased about 3-fold in 20% betaine. Likewise, the K d (MTX) increased
1.5-fold and 2-fold in 20% glycerol and 20% ethylene glycol, respectively. The change in
ln Ka (MTX) versus ln water activity of the osmolyte solutions was plotted (Figure 2.14).
Slopes for the betaine, ethylene glycol and glycerol data in these plots were 35  10, 11 
1 and 8  1, respectively. To our knowledge, this is the first examination of osmolyte
effects on MTX binding and the results parallel the FolM DHF binding effects as given in
Table 2.4. We note similar positive slopes were previously obtained for DHF binding to
the R67 DHFR-NADP+ and EcDHFR-NADP+ complexes in betaine and glycerol (Table
2.2).[2, 9]
To analyze the binding mechanism further,[53] a 1:1 mixture of NADPH and MTX
was titrated into FolM. The data could be fit to a single binding site model. The enthalpy
obtained was -22.1 ± 0.1 kcal/mol, which is close to the sum of the enthalpies for NADPH
binding to apo FolM and MTX binding to NADPH-FolM binary complex (-25 kcal/mol).
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Figure 2.13 - Fluorescence quenching data for MTX binding to FolM (2 µM) in MTA, pH
6.0. Samples were excited at 295 nm and emission was measured at 350 nm. Data are
plotted as I/Io, where I is the corrected fluorescence intensity at a given concentration of
MTX and Io is the fluorescence intensity with no MTX present. A Kd of 0.90 ± 0.24 µM
and a stoichiometry of 0.84 ± 0.20 MTX per FolM monomer were obtained from fitting
the data.
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Figure 2.14 - Effect of osmolytes on MTX binding to the FolM-NADPH complex. ITC
studies were performed in MTA, pH 6.0 at 25 ºC with no osmolyte (), betaine (),
ethylene glycol ( ) and glycerol ().
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Table 2.5 - ITC measurements describing methotrexate binding to the FolM-NADPH
binary complex in MTA buffer, pH 6.0 and 25 °C. At least two data sets were fit globally
in SEDPHAT using a single-site binding model, A + B  AB.
Buffer
and/or
osmolyte
addition
MTA
MTA + 10 %
betaine
MTA + 20 %
betaine
MTA + 10 %
glycerol
MTA + 20 %
glycerol
MTA + 10 %
ethylene
glycol
MTA + 20 %
ethylene
glycol

Kd (M)

ΔG
(kcal/
mol)

ΔH
(kcal/mol)

TΔS
(kcal/m
ol)

3.68 ± 0.39

-7.41

-8.73 ± 0.42

-1.32

5.05 ± 0.70

-7.22

-6.86 ± 0.63

0.36

10.3 ± 0.9

-6.80

-7.24 ± 0.49

-0.44

4.28 ± 0.29

-7.31

-7.16 ± 0.23

0.15

5.52 ± 0.70

-7.16

-6.46 ± 0.50

0.70

4.78 ± 0.83

-7.26

-8.34 ± 0.82

-1.08

0.81 ±
0.04

1.91

7.31 ± 0.80

7.00

-9.35 ± 0.74

-2.35

0.85 ±
0.04

3.62
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n
0.85 ±
0.01
0.74 ±
0.04
0.74 ±
0.04
0.82 ±
0.01
0.76 ±
0.03

Osmolality
(Osm)
0.23
1.11
1.85
1.60
2.96

Similarly, the ΔG for the concurrent titration of both ligands was -15.5 ± 0.1 kcal/mol,
while the sum of the ΔG values for the NADPH binary and MTX ternary titrations was 14.8 kcal/mol. The near equivalence of the ΔG and ΔH values for the titration of
MTX+NADPH into FolM with the sum of the NADPH binary and MTX ternary
experiments, coupled with no enthalpy associated with MTX binary binding, is consistent
with an ordered binding mechanism where NADPH binds first, followed by MTX.[53]
Two alternate possibilities are that MTX bind firsts and rearranges upon NADPH binding,
or that the cofactor binding site is not totally occluded so that the cofactor can bind without
release of MTX. Luba et al. find non-productive binding of DHF to PTR1, extending the
similarities between FolM and PTR1.[54]

2.5 Discussion
One model of how enzymes work considers desolvation.[55-60] As cosolutes can
compete with water to associate with molecular surfaces, we now expand the desolvation
model of enzyme action to include removal of cosolutes such as osmolytes. If the DHFosmolyte pairs are more difficult to break than the DHF-H2O pairs (desolvation), then
weaker binding of substrate to DHFR results. This is a solvent substitution scenario, and
as shown in Figure 2.1, this situation shifts the binding equilibrium towards the free
species.
Since our model posits the critical species for the osmolyte effects is the DHF
substrate rather than the DHFR enzyme, we ask whether our observation can be extended
to other DHFRs (and ultimately to other folate utilizing enzymes)? To test this model, we
have previously used R67 DHFR and EcDHFR; we now add FolM to the list. We chose
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FolM as a representative short chain dehydrogenase that can reduce DHF. While FolM
has not been as well characterized as the canonical pteridine reductase, PTR1, it does not
show substrate inhibition.
Previous characterization of the FolM protein has been minimal. In this study, we
provide several additional details. Our ultracentrifugation studies find FolM is a
tetramer. This observation is consistent with the structure of the canonical pteridine
reductase, PTR1, which is also tetrameric.[17] A FolM homology model produced using
the 2BFA PDB file for PTR1[18] leads to a FolM model with the proposed catalytic triad
residues placed in the active site cavity. Nearby the FolM active site are R237 and R168
residues, which appear close enough to form ion pairs with the - and γ-carboxylates of
the Glu tail of DHF and provide tighter binding as compared to the proposed
dihydromonapterin substrate.[19] (For comparison, the Nε atom of R287 is 3Å from the
-carboxylate of bound CB3717 (antifolate) in the active site of PTR1 in 2BFA.) Another
pertinent observation is that DHF binding to FolM has a low enthalpic signal, making
binding difficult to measure by ITC.
Binding of the antifolate methotrexate to FolM was also characterized. To garner
additional information concerning the binding mechanism, SEDPHAT was used to
globally fit both binary complex titrations as well as the ternary complex.[29] Figure 2.15
shows the global fit and Table 2.6 gives the fit values. In general, the global fit values are
similar to those derived from the individual fits. Binding thermodynamics obtained from
the global fit indicated that MTX binds to apo FolM, with a minimal ΔH of 0.81 kcal/mol.
(Fit values are not appreciably altered when ΔH is set to 0 kcal/mol, though the errors are
large.) The ΔG for binding (-8.12 kcal/mol, Kd of 1.09 M) was surprisingly more negative
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than for either the NADPH binary or MTX ternary experiments. This fit value concurs
with the fluorescence quenching data for MTX binding to apo FolM, indicating tighter
MTX binary than ternary binding. The difference between MTX binding to apo FolM and
the FolM-NADPH binary complex suggests that MTX may bind somewhat differently
depending upon whether NADPH is already bound, or not. This is not surprising since, in
PTR1, NADPH forms part of the MTX binding site.[17, 18] While FolM has many other
interesting features, we chose to pursue osmolyte effects.
2.5.A. Betaine Effects on Ligand Binding
As DHFR uses two substrates, an internal control monitors the effects of osmolytes on
binding of the second ligand/cofactor. This allows us to determine if osmolytes associate
with folate by observation of weaker folate binding in the presence of osmolytes coupled
with tighter binding of the second ligand. In the presence of betaine, NADPH binds more
tightly to FolM, while DHF binds more weakly. A decrease in Kd (NADPH) with increasing
betaine concentration is consistent with preferential exclusion of betaine from FolM and/or
NADPH. Similar trends of betaine on cofactor and substrate binding were noted for both
R67 DHFR and EcDHFR.[2, 9] These results continue to support our model in Figure 2.1
where betaine associates with free DHF. They also support more general models where
betaine acts as a natural protective molecule in E. coli under times of osmotic stress and is
the most excluded osmolyte from protein surfaces.[43, 61-64]

A related observation is

that betaine typically increases the stability of proteins by an increased hydration
mechanism.[65, 66]
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Figure 2.15 - Global fitting of ITC data for ligand binding to FolM using SEDPHAT. Plots
are for binding of (A) NADPH to apo FolM, (B) MTX to apo FolM, (C) and (D) MTX to
the FolM-NADPH binary complex and (E) and (F) a 1:1 mixture of MTX and NADPH
binding to apo FolM. Best fit values are given in Table 2.6. If the H for panel B is set
equal to zero, e.g. MTX binary binding to FolM, the fits values are similar although the
errors are much higher.
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Table 2.6 - Global fitting of MTX and NADPH binding to FolM in MTA buffer, pH 6.0,
at 25 ºC. Fits of the data were performed using the triple binding complex model,
A+B+C  AB + C  AC + B  ABC model in SEDPHAT.[29] Forcing the MTX
binary titration to an enthalpy of 0 kcal/mol did not affect the fit values, though the errors
became appreciably higher.

Ligand

Binding to

NADPH

FolM

MTX

FolM

MTX

FolMNADPH

Kd (M)
2.34 ±
0.86
1.09 ±
0.50
5.07 ±
0.66

ΔG
(kcal/mol)

ΔH
(kcal/mol)

TΔS
(kcal/mol)

-7.67

-13.1 ± 2.2

-5.10

-8.12

0.81 ± 0.54

8.93

-7.22

-12.9 ± 3.8

-5.65
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n
0.98 ±
0.08
0.98 ±
0.08
0.98 ±
0.08

Betaine also weakens the binding of methotrexate. As MTX differs from folate by the
substitution of an amine group for a carbonyl off C4 of the pterin ring as well as a methyl
group off N10, these changes apparently do not greatly alter the weak attraction with
betaine. Our previous NMR and osmometry results found betaine weakly associates with
both the pterin and benzoyl rings of folate.[67] Also Capp et al.[63] has studied the
interaction of betaine with small molecules and find that betaine associates with aromatic
groups and amide nitrogens. Both these moieties are found in DHF as well as MTX, thus
it is not surprising that betaine effects on MTX binding are also found. This analysis
suggests that preferential interaction with osmolytes is likely a general property of folate
derivatives. It also predicts that in vivo binding of antifolates will be weakened by osmotic
stress conditions.
The interaction between betaine and other molecules can be predicted using µ 23/RT
values established by the Record group.[63] µ23/RT values, closely related to preferential
interaction coefficients, measure the favorability of a molecule (in this case, betaine) to
interact with another solute as compared to water. From Table 1 in Capp et al.,[63] the
strongest association exists between betaine and sodium benzoate (µ 23/RT value of -0.091
m-1). A negative (repulsive) interaction was found between betaine and tripotassium citrate
with a µ23/RT value of 1.2 m-1. Intermediate µ23/RT values span this range and allow
prediction of interaction potentials, from strong to weak. NADPH has a predicted µ 23/RT
value of 1.11 m-1 indicating that its interactions with betaine are unfavorable. From the
data in Figure 2.8, a Δµ23/RT of -0.43 ± 0.13 m-1 was calculated for betaine interaction with
NADPH. This is slightly less (accounting for differences in sign) than the predicted value,
but it still predicts minimal association between betaine and NADPH.
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Our results for

cofactor binding to FolM, as well as R67 DHFR[2] and EcDHFR[9] indicate negative
interactions between betaine and NADPH, concurring with the predicted µ 23/RT value.
Likewise, the predicted µ23/RT values for DHF, folate and MTX (0.35, -0.01 and 0.01,
respectively) indicate they are more likely to associate with betaine; this calculation agrees
qualitatively with our experimental results. The Δµ 23/RT values calculated from Figures
2.11 and 2.14 are 0.69 ± 0.03 m-1 and 0.63 ± 0.17 m-1 for DHF and MTX, respectively.
While the experimental values are different from the predicted µ 23/RT values, the presence
of other solutes in the experiment may potentially affect the actual Δµ 23/RT value. Overall
this analysis suggests exclusion of betaine from the solvation shell of NADPH and
preferential interaction of betaine with folate/DHF/MTX.
2.5.B. Other Osmolytes Weaken Ligand Binding
In contrast to betaine, other osmolytes weaken the binding of NADPH to FolM. It
is unlikely that these osmolytes are attracted to NADPH, as DMSO, ethylene glycol and
PEG400 all increased the affinity of the cofactor for R67 DHFR and EcDHFR.[2, 9] The
most likely alternative is that these osmolytes associate with FolM.[8, 68] This is an
additional complicating factor.
For most osmolytes studied, the kcat/Km (DHF) decreased with added osmolyte with
most of the effects on Km (DHF). These results are similar to the decrease in kcat/Km (DHF) for
R67 DHFR with increasing osmolyte concentrations.[2] The most likely cause for the
decrease in the FolM kcat/Km (DHF) is osmolyte association with free DHF. The range in
slopes for kcat/Km

(DHF)

with water activity indicates that there are differences in the

preferential interaction between glycerol or betaine (for example) with DHF, and/or that
there are additional attractions between the osmolytes and FolM.[43, 68]
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Similar

preferential interactions were also noted for DHF binding to EcDHFR.[9] In addition,
binding of the antifolate drug, methotrexate, was monitored and found to be weakened by
the addition of osmolytes.
2.5.C. How do Osmolytes Alter Ligand Binding?
There are several options as to how osmolytes affect both cofactor and substrate
binding to FolM. Osmolyte effects on NADPH affinity for R67 DHFR and EcDHFR were
mostly due to changes in water activity by the osmolytes.[2, 9] However in the FolM case,
some osmolytes increase the affinity of NADPH, while others decrease the affinity. One
scenario that could account for these variable effects is that some osmolytes may bind to
FolM in such a way as to prevent NADPH from binding. This could involve osmolyte
binding/solvation of FolM in the active site. Alternatively, osmolyte association at another
site(s) could alter the conformation of FolM or the population of apo FolM states such that
the cofactor binding equilibrium is shifted towards the free state.[69, 70] Removal of these
osmolytes would require input of energy to the system and lead to weaker binding of
NADPH to FolM.
While osmolytes that are excluded from the protein surface stabilize proteins (e.g.
trimethylamine oxide with chemically modified RNase T 1,[71] FolM with betaine),
denaturants that interact with the protein (for example urea) destabilize proteins.[71-75]
DMSO,[45, 46] as well as other osmolytes,[44] have also been found to destabilize
proteins. Lin and Timasheff propose it is the difference between association of co-solvent
to the native and denatured state that affects the stability of a protein compared to
water.[76] From this point of view, while the DMSO or ethylene glycol interactions with
FolM are not so apparent when comparing the CD spectra plus and minus osmolytes, these
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weak interactions are clear when NADPH Kd values and Tm values are compared. While
addition of DMSO and ethylene glycol did not weaken cofactor binding to R67 DHFR and
EcDHFR, apparently the different sequence, surface, and/or structure of FolM result in an
attractive effect. Thus each protein presents different contexts and effects. The case with
betaine (most excluded) allows evaluation of the simplest case, while addition of other
osmolytes can have variable effects that depend on the protein.
Once sufficient NADPH is added to overcome the negative effect of the osmolyteFolM interaction, work has been done. It is not clear whether other osmolyte-FolM
interactions are present and also exact a penalty on binding of DHF or MTX to FolMNADPH. Again, the clearest case involves betaine, where the two effects are more clearly
separated. Preferential exclusion of betaine from NADPH and FolM results in water
release upon NADPH binding (tighter Kd values). However, association of betaine with
DHF or MTX results in weaker substrate/inhibitor binding. Occam’s razor suggests this
pattern will continue with the other osmolytes with the added layer of osmolyte-FolM
effects. When the slope values are compared for the ln kcat/Km (DHF) vs. ln ao plots, if
osmolyte-FolM interactions affected DHF binding (in addition to osmolyte-DHF
interactions), we might expect even larger positive numbers. However, the values are
generally smaller than observed for R67 DHFR and EcDHFR. This observation may
suggest osmolyte-FolM effects do not further weaken DHF ternary complex formation.
Another consideration that may come into play with respect to the smaller positive
slope values (Table 2.4) associated with the FolM ln k cat/Km (DHF) vs. ln ao plot is the contact
area between DHF and FolM-NADPH. Based on the crystal structure of PTR1 with the
folate-based inhibitor CB3717,[18] portions of the pterin and p-ABA rings do not contact
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the binding site, instead they are exposed to solution. Similarly, parts of the substrate may
also be solvent exposed when bound to FolM. In this scenario, the number of osmolytes
that have to be removed from DHF prior to its binding to FolM may be less than for R67
DHFR or EcDHFR because of this difference in solvent exposure. With fewer osmolytes
removed, the increase in FolM Km (DHF) or Kd (MTX) would not be as great as it is for R67
DHFR or EcDHFR.
2.5.D. Comparison of DHFR Enzymes
Osmolytes influence ligand binding to FolM differently compared to R67 DHFR
and EcDHFR. For both R67 DHFR and EcDHFR, each osmolyte had a unique effect on
DHF binding.[2, 9]

These results are interpreted as preferential interaction of the

osmolytes with the proteins.[43, 68] Different slopes were noted for DHF binding to FolM
as well (Figure 2.11), which suggests preferential interaction of the osmolytes with FolM.
However, unlike the other DHFRs, FolM binding of NADPH is also weakened in the
presence of some osmolytes (Figure 2.8). The destabilizing interactions of osmolytes with
FolM also perturb cofactor binding.
Though R67 DHFR, EcDHFR and FolM all have DHFR activity, they all have very
different structures (Figure 2.2). All three have decreased substrate binding in the presence
of osmolytes, indicating that osmolyte interactions with free DHF do shift the substrate
binding equilibrium towards the free state. However, the three DHFR enzymes all interact
to different extents with the osmolytes as well. The different sequence and structural
characteristics of each enzyme make each enzyme more, or less, susceptible to associating
with osmolytes. In the case of FolM, some of these osmolyte interactions can destabilize
the enzyme, weakening ligand binding as well. Unfortunately, a comparison of the active
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sites of R67 DHFR, EcDHFR, FolM and two pteridine reductases does not show large
differences in character, precluding prediction of protein-osmolyte effects at this time.

2.6 Conclusion
Preferential interaction of osmolytes with DHF and the antifolate, methotrexate,
decreases their affinity for FolM.

In addition to the interaction of osmolytes with

substrate/inhibitor, some osmolytes associate with, and destabilize FolM. Destabilization
of FolM by DMSO, ethylene glycol and PEG400 weakens the binding affinity of NADPH.
Exclusion of betaine whereas interaction of DMSO was observed with FolM. These
osmolyte-FolM interactions may also contribute to the decrease in DHF affinity.
Therefore, while interaction between osmolytes and DHF can be noted for FolM, additional
interactions between some osmolytes with FolM complicate the analysis.
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PART 3. ASPECTS OF WEAK INTERACTIONS BETWEEN FOLATE AND
GLYCINE BETAINE
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3.1 Abstract
Folate, or vitamin B9, is an important compound in one carbon metabolism.
Previous studies have found weaker binding of dihydrofolate to dihydrofolate reductase in
the presence of osmolytes. In other words, osmolytes are more difficult to remove from
the dihydrofolate solvation shell than water; this shifts the equilibrium towards the free
ligand and protein species. This study uses vapor pressure osmometry to explore the
interaction of folate with the model osmolyte, glycine betaine. This method yields a
preferential interaction potential (μ23/RT value). This value is concentration dependent as
folate dimerizes. The μ23/RT value also tracks the deprotonation of folate’s N3-O4 ketoenol group, yielding a pKa of 8.1. To determine which folate atoms, interact most strongly
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with betaine, the interaction of heterocyclic aromatic compounds (as well as other small
molecules) with betaine was monitored. Using an accessible surface area approach coupled
with osmometry measurements, deconvolution of the μ 23/RT value into α values for atom
types was achieved. This allows prediction of μ23/RT values for larger molecules such as
folate. Molecular dynamics simulations of folate show a variety of structures from
extended to L-shaped. These conformers possess μ23/RT values from -0.18 to 0.09 m-1,
where a negative value indicates a preference for solvation by betaine and a positive value
indicates a preference for water. This range of values is consistent with values observed
in osmometry and solubility experiments. As the average predicted folate μ 23/RT value is
near zero, this indicates folate interacts almost equally well with betaine and water.
Specifically, the glutamate tail prefers to interact with water while the aromatic rings prefer
betaine. In general, the more protonated species in our small molecule survey interact
better with betaine as they provide a source of hydrogens (betaine is not a hydrogen bond
donor). Upon deprotonation of the small molecule, the preference swings towards water
interaction due to its hydrogen bond donating capacities.

3.2 Introduction
How do two molecules come together and form a complex? Two steps are typically
involved, desolvation and association. While forces that drive association are reasonably
well understood, the role water plays is difficult to predict. For example, water can fill
voids in structures and also provide a bridge between surfaces.[1-5]

While high

concentrations of water are present in test tube studies, the situation gets more complicated
in the cell due to the presence of many other molecules. If other solutes, for example
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osmolytes, interact with ligands and/or proteins, they need to be removed to form the
protein-ligand complex. While these solute-ligand interactions are weak, the relative
strength of the ligand-osmolyte interaction vs. that of the ligand-water interaction can affect
binding to the protein partner. Binding will be either facilitated or made more difficult,
resulting in altered Kd values between macromolecules and their ligands.
In most cases, the binding constant becomes tighter in the presence of osmolytes as
the desolvation penalty is minimized.[6] An example of this is binding of the cofactor
NADPH to R67 dihydrofolate reductase (DHFR).[7] However, if osmolytes prefer to
interact with the ligand or protein, and if removing them is more difficult than shedding
water, then the binding constant is weakened. This case is exemplified by binding of
dihydrofolate to various DHFRs.[7-10] In this model, shown in Figure 3.1, the osmolytes
shift the reaction equilibrium towards the free species of substrate and DHFR compared to
the protein-ligand complex. One osmolyte that weakens DHF binding to R67 DHFR by
3.6 fold is glycine betaine (20% w/v). Note: DHFR catalyzes reduction of dihydrofolate
(DHF) to tetrahydrofolate (THF) using NADPH as a cofactor. There are two types of
DHFRs; type I is encoded by the chromosome and type II is carried by a resistance plasmid,
an example is R67 DHFR. Neither the structures nor mechanisms are homologous in these
DHFRs.[11]
Glycine betaine or N, N, N,-trimethyl glycine is proposed to be one of the most
effective osmoprotectants in E. coli cells as it is efficient in maintaining growth under
osmotic stress.[12] Betaine is unable to act as a hydrogen bond donor, thus it is highly
excluded from the surface of proteins, facilitating macromolecular functions. How does
betaine interact with folate? Homonuclear (1H) Nuclear Overhauser Effect spectroscopy
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Figure 3.1 - A cartoon depicting preferential interaction of osmolytes with free DHF. In
the absence of osmolytes, DHF binds tightly to its target enzyme and water (blue) is
released. Added osmolytes (magenta spheres) interact weakly with DHF. For DHF to
bind to the enzyme, both osmolytes and water must be released. Osmolytes that interact
more strongly than water would have larger effects on the DHF K a while the more weakly
bound osmolytes would have smaller effects. (Note: this model does not exclude the
possible binding of osmolytes to the enzyme.) We have used high hydrostatic pressure as
an orthogonal technique to examine the top row of the model (blue equilibrium
arrows).[13] We have also used NMR to observe interactions between folate and
osmolytes (middle column, green equilibrium arrows).[9] Both sets of results are
consistent with this model.
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(NOESY) experiments found NOEs between the protons on the C7 atom of folate with
protons on the C9 and C3′/C5′ atoms, and between the C9 proton and the C3′/C5′
protons.[9] (see Figure 3.2 for atom numbers folate structures). However, a change in sign
for the NOE between the C9 and C3’/C5’ protons from positive (without betaine) to
negative (with betaine) was observed. The change in the sign for the NOE suggested a
slower rotational rate for the p-amino-benzoyl ring protons, indicative of an interaction
between betaine and this ring.[9] As folate has limited protons on its pterin ring, it is
difficult to discern from our NMR results if osmolytes interact with this moiety. Thus we
turned to alternate techniques.
Our previous osmometry studies support interactions between betaine with the
folate fragments, p-amino benzoyl-glutamate (p-ABA-Glu) and pterin-6 carboxylate.[9]
To extend this study, we use vapor pressure osmometry (VPO) to measure μ 23/RT values,
which are closely related to preferential interaction coefficients. The μ 23/RT value
measures the change in chemical potential of a small test compound with the change in
molality of the osmolyte in solution. For our study, the μ 23/RT value measures the
preference of small molecules to interact with betaine compared to water. The Record lab
has pioneered this VPO approach along with a water-accessible surface area (ASA)
analysis to quantify and analyze the thermodynamics of interaction of osmolytes (betaine,
proline, PEG and urea) with model compounds displaying biomolecular functional
groups.[14-17] The VPO method measures the favorability of a small molecule interacting
with an osmolyte as compared to water in a three-component system (1- water, 2-test
compound and 3- osmolyte). Capp et al. studied the interaction of betaine with a set of
model compounds containing carboxylate, phosphate, amide, hydroxyl, ammonium,
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Figure 3.2 - Structure of Folate. The structure of folate with atom numbers is shown.
Folate contains pterin and p-amino benzoate rings and a glutamate tail.
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guanidinium, aliphatic and aromatic hydrocarbon moieties.[14] A positive μ 23/RT value
for phosphate (0.85 ± 0.04 m-1) and citrate (1.2 ± 0.1 m-1) indicates a strong preference for
water over betaine, whereas negative μ23/RT values for benzoate (-0.091± 0.007 m-1) and
urea (-0.093 ± 0.005 m-1) indicate a preference for betaine over water.
The preferential interaction potentials, or μ23/RT values, obtained for those
compounds were dissected into additive contributions from chemically distinct functional
groups. The calculated set of atomistic preferential interaction potentials per unit wateraccessible surface areas (ASA) of each surface type, also called α values, can be coupled
with the ASA information to predict the μ23/RT of any compound. We take this approach
to understand how folate interacts with betaine as well as betaine effects on folate binding
to DHFR.

3.3 Materials and Methods
3.3.A. Materials
Betaine, folic acid, indole acetate, m-aminobenzoate, o-aminobenzoate, p-toluic
acid, p-aminobenzoate-glutamate, pyrrole-2-carboxylate, adenosine 5’-monophosphate,
guanosine

5’-monophosphate,

cytidine

2’-monophosphate

and

thymidine

5’-

monophosphate were purchased from Sigma-Aldrich. Nicotinic acid, nicotinamide,
pyrimidone, pyridoxine-HCl were from Acros Organics, p-aminobenzoate was from MP
Biomedicals, and phenylalanine-HCl was from Fisher Scientific. Uridine 3’monophosphate was from Chem-Impex International Inc. Pteroyltetra-γ-L-glutamate
(PG4) was from Schircks Laboratories.
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3.3.B. Vapor Pressure Osmometry (VPO)
We use folate in our studies as it is more stable than dihydrofolate. In VPO
experiments, the change in osmolality of bulk water is measured in a multi-component
system containing components 1, 2 and 3, which denote water, test compound and betaine
(osmolyte) respectively. This technique monitors the change in osmolality (Δ Osm) of a
solution, which is a quantitative measure of the favorable or unfavorable interaction of the
two solutes (test compound and osmolyte), relative to their interactions with water.[14-17]
As the solution osmolality increases due to increasing betaine concentrations, any change
in measured osmolality arises due to the interaction of betaine with the test compound. If
betaine is excluded from the surface of the test compound, the betaine concentration in the
bulk media (relative to the betaine only control) is increased. This in turn decreases the
bulk water concentration and increases the osmolality of the solution. If there is no
preference for betaine or water to interact with the test compound, the osmolalities of
betaine and small molecule are additive. If betaine prefers to interact with the test
compound, the betaine concentration in the bulk media is decreased, which increases the
bulk water concentration and decreases the solution osmolality. The difference in
osmolality between the solution of the test compound with and without betaine , Δ Osm,
when plotted versus the product of betaine and the test compound molality, m2m3, yields a
linear plot, the slope of which is the μ23/RT value,
∆ Osm = Osm(

,

) − Osm(

, 0) − Osm(0,

121

)≅

Eq (3.1)

where m2 and m3 are molal concentrations of test compound and betaine, respectively and
µ23/RT is the relative chemical potential of the test compound in betaine. If μ 23 is
independent of m2 and m3, it approximates the preferential interaction potential.
Experiments were performed on a Wescor Vapro 5520 osmometer. The instrument
was calibrated using standard solutions of 0.100, 0.290, and 1.000 osmol. An additional
linear calibration curve was made by measuring 1.000, 1.500 and 2.000 osmol standards to
correct for osmolality readings above 1.000 osmol. A betaine stock solution (2 m) was
prepared daily using a gravimetric method. Betaine (2 gm) was weighed and dissolved to
make a 10 ml stock solution in a pre-weighed tube. The weight of water was determined
by subtracting the weight of betaine from the weight of the solution, which was then used
to calculate the molal concentration of the stock. Typically, 30-500 mg of the test
compound (for example, folate) was added to a pre-weighed microfuge tube and stock
solutions were prepared fresh daily in water. The molality of the stock solutions was
determined using the weight of the solution. A series of betaine solutions were prepared
and the osmolality of each was measured in triplicate. Then, solutions containing a desired
concentration of the test compound with equivalent betaine concentrations as for the
betaine only line were prepared and incubated at room temperature for 10 minutes. The
osmolalities of the solutions were then measured in triplicate. The concentration of the test
compound was constant in each experiment. Solutions were prepared such that the
osmolality ranged between 0.1 and 2 Osm, which typically spanned the range of betaine
concentrations from 0.1 to 1.25 m, and test compound concentrations from 0.04 to 0.5 m.
The data were fit to Eq (3.1).
We used this method to determine μ23/RT values for folate at pHs 7 and 10. Capp
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et al. suggested not adjusting the pH of the stock solutions to avoid additional components
in the system.[14] However as folic acid has a low solubility, we adjusted the pH using
sodium hydroxide (1 N) to form folate. To ensure that we could compensate for NaOH
addition, we precipitated the sodium folate salt at pH 10 in acetone and isopropanol,
lyophilized it and re-did the VPO experiments. The µ 23/RT values were the same.
As folate dimerizes at high (non-physiological) concentrations,[18] we additionally
monitored the µ23/RT value as a function of folate concentration. The data were fit to a
dimerization function, Eq (3.2), adapted from Duff et al.[9]
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Eq (3.2)

where µ23/RTobs is the observed µ23/RT, µ23/RT(M) and µ23/RT(D) are the µ23/RT values for
monomer and dimer respectively, Kd is the dimerization constant and [F]tot is the total folate
concentration.
Folate also undergoes a keto-enol tautomerization at the N3-O4 atoms, and can
deprotonate at the O4 position at high pH.[18] Thus we studied the effect of pH on the
folate µ23/RT value. The data were fit to a pKa titration, Eq (3.3), adapted from Duff et al.
[9]
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where µ23/RTobs is the observed value while µ23/RT(fh) and µ23/RT(f) are the µ23/RT values
of protonated and deprotonated folate respectively.
3.3.C. Folate Dimerization at pH 10 by NMR Spectroscopy
A 1D proton NMR experiment was performed as described by Duff et al.[9] to
study dimerization of deprotonated folate. Stock solutions of folate were prepared in 10
mM deuterated Tris (pD 10) with and without 20 % deuterated betaine. An NMR sample
with 300 mM folate was prepared at pH 10 and the spectrum was recorded. The sample
was diluted with buffer and the same procedure was repeated until a folate concentration
of 0.5 mM was reached. Spectra were recorded on a Varian 500 MHz NMR spectrometer
with a pulse length of 3.7 μs using 16 scans from 14 to −0.5 parts per million (ppm) per
spectrum. Data analysis used MestreNova version 10.0 (Mestrelab Research, Compostela,
Spain).[19] The spectra were phase and baseline corrected, and the peaks were referenced
to the water peak (chemical shift for water, 4.80 ppm). The proton chemical shifts were fit
to a dimerization equation as described previously.[9] Similar NMR experiments and
analysis were done in the presence of 20 % deuterated betaine.
3.3.D. Interaction of Betaine with Heterocyclic Test Compounds
To examine how other small molecules containing aromatic carbons and/or
nitrogens interact with betaine, we performed additional VPO studies, mostly at pH 7.0.
The test compounds and their structures are shown in Table 3.1.
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Table 3.1 - A list of compounds tested for preferential interactions with betaine by the VPO
method. Structures with correct protonation states are shown along with the source from
which each of the structures were obtained.
Compound

Structure

Source

MOEa

p-Amino-benzoate

COO Na

MOEa

m-Amino-benzoate
NH2

o-Amino-benzoate

MOEa

p-Toluic acid

MOEa

COO

Cl
H3N

CH
CH2

Phenylalanine-HCl
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Na

BMRBb

Continued Table 3.1
Compound

Structure

Source

PDB 3DL6c

p-Amino-benzoyl-Glutamate

O
H3 C

C
HN

CH

COO Na

CH2

N-acetyl-tyrosine

MOEa

OH

COO

Nicotinic acid
(Protonated)

Na

BMRBb
N

H

BMRBb

Nicotinic acid
(Deprotonated)

BMRBb
Nicotinamide

MOEa
Pyrimidone
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Continued Table 3.1
Compound

Structure

Source

H
N

O

Indole Acetate monosodium salt
O

BMRBb

Na

BMRBb

Pyridoxine- HCl
(protonated)

BMRBb

Pyridoxine
(deprotonated)

MOEa
Imidazole (deprotonated)
MOEa
Imidazole
(protonated)

PDB 12ASc
5’AMP monosodium salt
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Continued Table 3.1
Compound

Structure

Source

PDB 5C46c
5’GMP disodium salt

O
NH
N
HO

3’UMP disodium salt

H

O

H

O

O

PDB 4J7Lc

H
H
OH

O

P

Na O

Na

O

BMRBb
5’dTMP disodium salt

NH2

N

N
HO

2’CMP disodium salt

O

PDB 1ROBc

O
H

H

OH

O

H

H
O
P

Na O
O

Na

a

built using MOE (versions 2012.10 and 2015.1001, Chemical Computing Group, Montreal, QC). b obtained

from the Biological Magnetic Resonance Bank, (http://www.bmrb.wisc.edu/).
Data Bank (PDB, http://www.rcsb.org)
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c

obtained from the Protein

3.3.E. α Value Calculation by Analysis of μ23/RT Values
The μ23/RT values of test compounds are proposed to be additive contributions
from the interaction of betaine with individual functional surface types on the test
compounds. Specifically, the contribution of each type of surface to the molecule’s μ 23/RT
value is the product of a chemical interaction potential (μ23/RTASA)i and the accessible
surface area (ASA) of that surface type i. Capp et al. deconvoluted molecular μ23/RT
values into surface type μ23/RT values (also called α values) using Eq (3.4).[14]
= ∑

(

) +

(

)

Eq (3.4)

where the μ23/RTASA value is the α value, which is the measure of interaction of betaine
with 1 Å2 of surface type i on any compound, (ASA)i is the water accessible surface area
in Å2 of the surface type i and νj(μ23/RT)j is the product of the number of salt ions per salt
test compound and the assigned contribution (μ23/RT)j or the β value, of that type of ion to
μ23/RT. The Record lab has calculated α values for many atom types using a β value for
the sodium ion of zero.[14]
The structure files of the test compounds were either obtained from the Biological
Magnetic Resonance Bank (http://www.bmrb.wisc.edu/) or the Protein Data Bank (PDB,
http://www.rcsb.org) or were built in MOE (versions 2012.10 and 2015.1001, Chemical
Computing Group, Montreal, QC). Table 3.1 lists the structures and sources of each test
compound. Some of the small molecule structures were obtained from the ligand bound
protein complex structures in the PDB after deleting the protein and minimizing the ligand
in MOE. The water-accessible surface area (ASA) for each atom in the molecule was then
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calculated using the SurfaceRacer program.[20] The van der Waal radii from Richards[21]
were used as well as a 1.4 Å probe radius for water. Conformational sampling of
nucleotides was done using MOE to account for areas from all conformers. There was no
significant difference in the average areas for all the conformations when compared to the
areas from the minimized structures of each nucleotide. In a multi-linear fit, all
experimental μ23/RT values, along with the (ASA)i information were fit to Eq (3.4) and the
α values (μ23/RTASA)i were calculated for each surface type.

MATLAB (version

R2016A) was used for fitting. Errors were calculated using Eq (S17) from Knowles et
al.[17]
3.3.F. Solubility Assays
The solubilities of folate in water or in 1 M betaine were determined at pHs 7 and
10 using the method of Liu and Bolen.[22] Folate was weighed in increasing amounts in
10 pre-weighed plastic vials. The range of concentrations was selected so that
approximately half of the solutions were unsaturated while the remaining suspensions were
saturated. The concentrations ranged from 20 – 500 mM. Solutions were adjusted to the
desired pH using 1 N NaOH and the vials were weighed again. The vials were then capped
and incubated in the dark in a shaker at 25 °C. After 24 hours, the vials were centrifuged
at 4000 RPM for 5 minutes and the supernatant collected. The density of each supernatant
was measured using an Anton Paar DMA 35 density meter and plotted against the molality
of folate. Solubilities of folate were determined from the density vs. molality plots as
described in Auton and Bolen.[23] The apparent free energy of transfer of folate from water
to betaine was determined using Eq (3.5).[23]

130

∆ °

,

=

,
,

+

Eq (3.5)

where ΔG° is the apparent transfer free energy for folate measured on a molal (m) scale;
ni,w and ni,bet are the number of moles of folate soluble in 1000 g water and in 1000 g of 1M
betaine solution respectively; and wt w and wtbet are the total masses of water and of 1 M
betaine solution, respectively.
An acidic pH was also used; however, folate is sparingly soluble at pH 5. Thus
only 2 - 100 M folate (in water) and 2 - 150 M (in 1M betaine) were used in a similar
fashion as described above. After incubation, centrifugation and filtration, the
concentration of folate in the supernatant was measured by absorbance at 282 nm.
Absorbance was measured upon diluting the samples in MTA buffer, pH 7.0 ( of folate at
282 nm, pH 7.0, 27000 M-1 cm-1).[24] This concentration was plotted against the
composition (weight/100 g) of folate for each sample. The solubility of folate and its
apparent free energy of transfer were determined as described above.
3.3.G. Protein Purification
R67 DHFR was expressed and purified as described previously.[25] Briefly,
ammonium sulfate precipitation and ion-exchange column chromatography were used to
purify the protein to homogeneity. EcDHFR was expressed and purified as published
earlier.[8] His-tagged protein was purified using two affinity chromatography columns - a
nickel-NTA column followed by a methotrexate (MTX) affinity column. Elution of
EcDHFR from the MTX affinity column required addition of folate, which was
subsequently removed with a DEAE column. Purified samples were dialyzed against
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distilled, deionized water and then lyophilized. Protein concentrations were determined
using a bicinchoninic acid (BCA) (Pierce) assay.
3.3.H. Isothermal Titration Calorimetry (ITC)
Binding affinities, stoichiometries and enthalpies were determined using either a
Nano-ITC (TA Instruments) or a VP-ITC (Microcal). For studies with R67 DHFR, binding
of folate or pteroyltetra-γ-L-glutamate (PG4 from Schircks Laboratories) to a 1:1 R67
DHFR- NADPH complex was monitored. Titrations were performed in duplicate at 13 °C
and pH 8.0 to minimize catalysis. The R67 DHFR concentration was 100- 150 μM and the
buffer was MTA pH 8.0. The ligand concentration ranged from 1.2 – 1.4 mM for the
experiments with no betaine and from 1.8 mM-1.95 mM for experiments with 5 % and 10
% betaine in the MTA buffer. The time between injections was 240-300 seconds, allowing
for baseline equilibration. The software supplied by the manufacturer was initially used for
analysis. The data were then exported into SEDPHAT; this program allows global fitting
of replicate data sets.[26] A single sites model (A + B  AB) was used for the fitting
process. Similar experiments were performed with binding of folate and PG4 to EcDHFR
in MTA buffer pH 7.0 at 25 °C. EcDHFR concentrations ranged from 10-15 μM. Folate
and PG4 concentrations ranged from 350 – 550 μM for titrations in the absence of betaine.
The folate concentration for binding to EcDHFR in presence of 10 % and 20 % betaine
was in the range of 600-850 μM. The “c value” (= [P total] / Kd) ranged from 1-10, within
the suggested values of 1-1000.[27]
3.3.I. Simulation of Folate in Water
Computer simulations of folate in water were performed using the AMBER
simulations package.[28] For system preparation, a single folate molecule was placed in
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the center of a periodic box surrounded by water (SPC/E water model)[29] such that the
boundary of the box was at least 10 Å away from the edges of folate molecule. AMBER's
parm 14SB force-field was used, and the folate molecule was parameterized using the
procedure outlined in the AMBER manual. The charges for folate atoms were calculated
using electronic structure calculations at the Restricted Hartree-Fock 6-31G** level of
theory. The prepared system was slowly equilibrated as previously described.[30] The
production run of 200 nanoseconds was performed at 300 K in an NVE ensemble using 2
femtosecond time-steps. A total of 200 conformations (every 1 ns) were used for analysis.
3.3.J. Simulation of Folate in Betaine
Computer simulations of folate surrounded by betaine and water were performed
using the AMBER simulations package.[28] A folate molecule was placed in the center of
a periodic box surrounded by betaine and water (SPC/E water model). Betaine, or trimethyl-glycine, was modeled using AMBER's parm 14SB; the aliphatic carbons,
hydrogens and nitrogen were parameterized using the lipid related parameters while the
remaining atoms were parameterized based on glycine.[31] The charges for betaine were
calculated using a procedure similar to that used for the folate molecule. The ratio of folate
to betaine molecules was 1:76, corresponding to a 1.35 M concentration of betaine in a
periodic box of 46.74 Å x 49.64 Å x 50.12 Å. The initial placement of betaine around folate
was performed using PackMol software [4], followed by filling the remaining space with
SPC/E water using AMBER’s xleap module. The prepared systems were slowly
equilibrated using a procedure developed in our group, and described previously.[30] The
production run of 200 nanoseconds was performed for each system at 300 K in an NVE
ensemble using a 2 femtosecond time-step. A total of 200 conformations (every 1 ns) were
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used for analysis.
3.3.K. Comparison of 23/RT Predictions of Ligand Binding with ITC Data
To determine how accurately the predicted 23/RT values reflect experimental data,
23/RT values were calculated for ligands binding to the two DHFR enzyme types. Using
data previously obtained by ITC, the 23/RT for binding can be calculated from the slopes
of ln(Ka) versus molality using Eq (3.1) from Guinn et al.[15]

−

=

∆

Eq (3.6)

where Ka is the association constant and m3 is molality of betaine. Predicted 23/RT values
were calculated for the apo-proteins or protein-ligand complexes using Eq (3.4) with a
Python script. Waters were removed from the PDB file and the surface areas of each of
the atom types were calculated using SurfaceRacer.[20] The product of the atomic surface
areas and the corresponding atom-type α value were summed to obtain the predicted
23/RT. The 23/RT values for the ligands in their bound conformation were calculated in
a similar manner. To calculate the 23/RT for the binary protein-ligand complexes, the
sum of the 23/RTs for the apo-protein and the unbound ligand was subtracted from the
23/RT of the complex. To obtain the 23/RT for ternary complexes, the 23/RT of the of
the binary protein-ligand complex plus the unbound ligand was subtracted from the 23/RT
value of the ternary complex.
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3.4 Results
3.4.A. VPO Measurements of Folate at pH 7
Figure 3.3.A shows the concentration dependence of folate interaction potentials
(μ23/RT) with betaine measured by VPO experiments at pH 7. A value near zero indicates
similar interaction preferences of folate for water and betaine. A positive value predicts an
interaction preference for water while a negative value indicates a preference for betaine.
We observed an increase in the folate μ23/RT values from 0.04 ± 0.09 m-1 (at 23 mm) to
0.80 ± 0.06 m-1 (150 mm). These observed μ23/RT values indicate that at low
concentrations, folate interacts with both water and betaine while at higher concentrations,
folate favors water.
The concentration dependence in Figure 3.3.A is consistent with previous
observations of folate dimerization, which occurs in a head-to-tail fashion such that each
pterin ring stacks with the p-ABA ring of the other monomer and the glutamate tails are
free to rotate.[18] Previously Capp et al. have found betaine interacts with aromatic
carbons, amide nitrogens and cationic nitrogens and is excluded from aliphatic carbons,
hydroxyl oxygens, amide oxygens, carboxylate oxygens and phosphate oxygens.[14] Thus
the observed increase in μ23/RT values at high folate concentrations is consistent with
decreased accessible surface area for the aromatic ring surfaces due to ring stacking.
Unfortunately, we obtained a poor fit when the concentration dependent data were
fit to Eq (3.2) describing dimerization. The poor fit may be due to not having a good lower
limit for the μ23/RT of monomeric folate (due to poor signal to noise levels at low folate
concentration) as well as the variable effects of different folate and betaine concentrations
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Figure 3.3 - Preferential interactions between folate and betaine show folate concentration
and pH effects. Panel A shows the folate concentration dependence of μ 23/RT at pH 7 ()
and at pH 10 (). A fit to Eq (3.2) describing folate dimerization was poor for data at pH
7 and no concentration dependence was noted at pH 10, thus the lines provided are to aid
the eye. Panel B shows the pH dependence of µ23/ RT values for 40 mm folate (). The
data were fit to Eq (3.3) to yield a pKa describing deprotonation of the N3-O4 enol tautomer.
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associated with each point on the plot. As betaine addition alters the K d describing folate
dimerization,[9] there may be additional effects contributing to the titration observed in
Figure 3.3.A. Another contributor may be the possible formation of higher oligomerization
states.[32]
3.4.B. VPO Measurements of Folate at pH 10
Using an NMR approach, Poe found folate dimerization is pH dependent.[18] The
N3-O4 atoms in the pterin ring undergo a keto-enol tautomerization. Deprotonation of the
enol (pKa ~8) results in a negatively charged O4 atom. The dimerization constant for
neutral folate is 20 mM while the value for basic folate is 340 mM.[18] To potentially
determine a μ23/RT value for monomeric folate, we repeated the VPO study at pH 10. We
measured the μ23/RT values of folate at concentrations ranging from 30 mm to 190 mm.
The average μ23/RT at this pH was 1.27 ± 0.36 m-1, which indicates strong exclusion of
betaine from the anionic folate surface. No concentration dependence of μ 23/RT values was
observed (see Figure 3.3.A), consistent with folate being monomeric at pH 10. This
observation is also consistent with our 1D H-NMR experiments performed at pH 10 (see
below). A high μ23/RT value for anionic, monomeric folate is surprising, however quantum
mechanical calculations by Soniat et al. on anionic pterin report delocalization of the
negative charge on the ring.[33] This view supports the studies of Felitsky et al.[34] who
found betaine was strongly excluded from anionic surfaces.
Due to the large difference in μ23/RT values for neutral and anionic folate, we
monitored preferential interaction coefficients for 40 mm folate from pH 6.5 to 10. While
dimers are likely present at neutral pH at this concentration, the data display higher signal
to noise levels and possess lower errors. Figure 3.3.B shows a plot of μ 23/RT values vs pH.
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The data were fit to Eq (3.3), yielding a pKa of 8.1 ± 0.17. This value is similar to values
of 7.94 and 8.38 obtained by NMR[9, 35] and 7.98 by capillary electrophoresis studies.[36]
The fit also yields μ23/RT values of 0.36 ± 0.06 m-1 and 1.25 ± 0.07 m-1 for the neutral
(protonated) and basic (deprotonated) forms respectively. Our data indicate that VPO
experiments can be used to monitor pKa values if the protonated and deprotonated species
possess different μ23/RT values.
3.4.C. Folate Dimerization at pH 10
NMR experiments at pH 10 noted the change in chemical shifts for the pteridine
(C7H), C9H, benzoyl ring protons (C2’H/C6’H, C3’H/C5’H) with increasing folate
concentration while the glutamate proton shifts were unchanged (See Figure 3.2 for
numbering of atoms). The data and fits for each of the proton chemical shifts are shown in
Figure 3.4. Fitting the sum of the C7, C9, C3′/C5′, and C2′/C6 proton chemical shifts with
no betaine to a dimerization equation yielded a Kd of 960 ± 140 mM for folate at pH 10
(Table 3.2). As the Kd was higher than the highest folate concentration used for the
experiment, it suggests that folate dimerization at pH 10 is very weak and its K d cannot be
accurately determined. Higher concentrations of folate cannot be achieved because of
limited solubility. Although the Kds obtained were much higher than the folate
concentrations used for the experiments, we can qualitatively see a trend for a lower K d in
the presence of betaine.
3.4.D. VPO Measurements of Non-Heterocyclic Aromatic Compounds
To extend the list of aromatic compounds used to predict α values for aromatic carbons, the
µ23/RT values for p-amino-benzoate, m-amino-benzoate, o-amino-benzoate, p-amino-
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Figure 3.4 - Folate dimerization at pH 10. The panels show chemical shifts noted for folate
protons (numbered as in Figure 3.2) in 10 mM deuterated Tris (◻), 10 mM deuterated Tris
with 20 % deuterated betaine (). The lines are the fits to the dimerization equation in
Duff et al.[9]
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Table 3.2 - Folate dimerization constants at pH 10. Values obtained from fitting the
concentration dependence of chemical shifts obtained by NMR as described in Duff et al.
[9] Data and fits shown in Figure 3.4.

Chemical shifts

No betaine

20 %
betaine

Kd (mM)

Kd (mM)

960 ± 140

710 ± 60

C7H

2200 ± 260

980 ± 60

C2’H

1800 ± 370

830 ± 90

C6’H

1500 ± 440

900 ± 90

C3’H

860 ± 80

510 ± 60

C5’H

880 ± 90

590 ± 80

C9H

1100 ± 140

700 ± 60

Sum of all proton
chemical shifts
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benzoyl-glutamate (p-ABA-Glu), p-toluic acid, quinolinic acid, phenylalanine-HCl and Nacetyl-tyrosine were measured. The experimental µ23/RT values for the amino-benzoates
and phenylalanine are listed in Table 3.3. These values for the rest of the aromatic
compounds are listed in Table 3.4. All amino benzoates and phenylalanine slopes are
negative (Figure 3.5.A), consistent with aromatic carbon atoms preferring to interact with
betaine compared to water. For the o-, m- and p-amino-benzoate series, the µ23/RT values
were within error of each other, suggesting the relative ring position of the substituents does
not have a large effect.
3.4.E. VPO Measurements of Compounds Containing Aromatic Nitrogen Atoms
As folate contains aromatic nitrogen atoms and its μ23/RT value showed pH effects,
we were interested in studying interactions of betaine with compounds containing titratable
aromatic nitrogens. Compounds for this study were chosen based on their solubility, lack
of dimerization and pKa values. Table 3.1 gives the structures of the compounds while
Figures 3.5.B and 3.5.C show the experimental VPO data. The measured μ 23/RT values
are listed in Tables 3.3 and 3.4. The below sections provide more detail on the pH effects
observed in a few of our studies.
3.4.F. Pyridoxine-HCl
As pyridoxine possesses titrations in the physiological pH range,[37] we measured
μ23/RT values for pyridoxine from pH 2 to 12. Figure 3.6.A shows the slopes (μ 23/RT) for
protonated and deprotonated pyridoxine. The μ 23/RT values at lower pHs are slightly
negative while at higher pH, the values are positive. The pH dependence of the μ 23/RT
values is shown in Figure 3.6.B. The data were fit to Eq (3.3) and a pK a of 5.98 ± 0.25 was
obtained. The upper and lower limits for the μ23/RT values were 0.26 ± 0.02 m-1 and 0.017
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Figure 3.5 - Quantification of preferential interactions of betaine with test compounds. The
panels show the raw data plots of Δ Osm vs. the product of molal concentration of test
compound and betaine obtained from VPO experiments. Panel A shows the data for the
non-heterocyclic aromatic compounds. Panels B and C show data for heterocyclic
(nitrogen containing) aromatic compounds. Panel B data include nicotinamide, pyrrole-2carboxylate, guanosine 5’-phosphate (5’GMP), cytosine 2’-phosphate (2’CMP) and
uridine 3’-phosphate (3’UMP). These are compounds with lower solubilities and therefore
span shorter concentration ranges.

Panel C shows plots for adenosine 5’-phosphate

(5’AMP), deoxythymidine 5’-phosphate (5’dTMP), pyrimidone and indole acetate, which
have higher solubilities.
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Figure 3.5 continued

145

Table 3.3 - A list of all test compounds with their experimental and predicted µ 23/RT
values. The predicted µ23/RT values were obtained using α values in Table 3.5 and Eq (3.4).
The pH at which each compound was tested is also supplied.
Compound

Experimental

Predicted

µ23/RT (m-1)

µ23/RT (m-1)

pH

Non-Heterocyclic Aromatic
p-Amino-benzoate

-0.44 ± 0.03

-0.46 ± 0.02

7

m-Amino-benzoate

-0.50 ± 0.03

-0.46 ± 0.02

7

o-Amino-benzoate

-0.51 ± 0.03

-0.46 ± 0.02

7

Phenylalanine-HCl

-0.21 ± 0.03

-0.24 ± 0.02

5

Heterocyclic Aromatic
Nicotinamide

-0.38 ± 0.03

-0.27 ± 0.02

Unadjusted (6.3)

Pyrimidone

0.13 ± 0.01

0.08 ± 0.03

Unadjusted (5)

Indole acetate monosodium

-0.39 ± 0.02

-0.20 ± 0.02

7

Pyrrole-2-carboxylate

-0.18 ± 0.04

-0.12 ± 0.02

7

5’AMP disodium

0.33 ± 0.03

0.18 ± 0.04

7

5’ GMP disodium

0. 41 ± 0.04

0.46 ± 0.04

8.1

3’ UMP disodium

1. 07 ± 0.03

0.9 ± 0.04

7.6

5’ dTMP disodium

0.81 ± 0.03

1.00 ± 0.04

8

2’ CMP disodium

0.32 ± 0.04

0.34 ± 0.04

7

pH dependent Heterocyclic Aromatic
Pyridoxine-HCl

0.02 ± 0.02

0.02 ± 0.02a

2

Pyridoxine- HCl

0.01 ± 0.02

-

Unadjusted (2.6)
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Continued Table 3.3
Compound

Experimental

Predicted

µ23/RT (m-1)

µ23/RT (m-1)

pH

0.06 ± 0.02
Pyridoxine

0.25 ± 0.02

10
0.26 ± 0.02a

a

Nicotinic acid

-0.27 ± 0.03

-

Unadjusted (3.5)

Nicotinic acid

-0.04 ± 0.02

-0.04 ± 0.02

7

Values obtained from the fit limits of the pH titration data for pyridoxine-HCl using Eq (3.3)
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Figure 3.6 - Vapor pressure osmometry studies of pyridoxine show pH effects. Panel A,
data for pyridoxine at pHs 4 () and 10 (). The dashed and solid lines represent the
slopes of the plots for pH 4 and 10 data respectively. Panel B, pH titration of µ 23/RT for
pyridoxine. Data were fit to Eq (3.3) and best fit values are 0.017 ± 0.018 m-1 for the
protonated form and 0.26 ± 0.02 m-1 for the deprotonated form.
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± 0.018 m-1 respectively. These results indicate that the protonated form of pyridoxine
interacts more strongly with betaine than the deprotonated form.
3.4.G. Betaine-Nicotinic Acid Betaine-Imidazole and Interaction by VPO
Nicotinic acid (vitamin B3) is an aromatic heterocyclic compound with nitrogen in
a six-membered ring. VPO experiments found this compound possessed a slightly negative
preferential interaction potential as seen in Figure 3.5.B. The µ23/RT value for nicotinic
acid was observed to change with pH, consistent with titration of the aromatic nitrogen,
which has previously been observed to have a pKa of 4.9.[38] The acidic form of nicotinic
acid at pH 3 yielded a more negative μ23/RT value, indicating a stronger preference for
interaction with betaine than the deprotonated form at pH 7.
Imidazole, a small molecule, has a pKa of 6.5;[39] it also dimerizes with a Kd of 1
mM for the protonated form and a Kd of 33 µM for the deprotonated form.[40] VPO
studies of imidazole at pH 4 showed a slightly negative μ 23/RT value, whereas at pH 10,
its μ23/RT was near zero and had large errors. Figure 3.7 shows the data for 250-270 mm
of imidazole. As the change in μ23/RT values for protonated and deprotonated imidazole
was not large, scatter was observed in the data, and dimerization was a concern, we did
not analyze these data.
3.4.H. Analysis of μ23/RT Values and Calculation of α Values
To deconvolute which atoms of folate are involved in the interactions with betaine,
we use the α value analysis developed by the Record lab.[14-17] This approach uses
multiple linear regressions (based on the number of compounds used), which describe all
the surface types present in the molecules. We added our 15 compounds to the list of 27
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Figure 3.7 - Vapor pressure osmometry studies of imidazole. Data for imidazole at pH 4
(green diamonds) and pH 10 (magenta diamonds). The concentration of imidazole used in
the experiment was 250 mm.
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Table 3.4 - A list of experimental and predicted µ23/RT values for test compounds in
addition to compounds listed in Table 3.3. These compounds were not used in our fits to
obtain αvalues.

Compound

Experimental
µ23/RT (m-1)

Predicted
µ23/RT (m-1)

pH

p-Toluic acid

-0.46 ± 0.04

-0.21 ± 0.03

7

p-ABA-Glu

0.50 ± 0.02

-0.12 ± 0.02

7

N-acetyl-tyrosine

-0.66 ± 0.03

-0.05 ± 0.02

4

Quinolinic acid

0.86 ± 0.04

0.20 ± 0.01

7

Imidazole
Imidazole

-0.07 ± 0.01
0.01 ± 0.01

-

4
10
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Reason for not including
in αvalue fit
Outlier on plot of
experimental vs. predicted
23/RT values
Changed R2 of fit from 0.93
to 0.86
Low solubility → low
concentration
Low solubility → low
concentration
Dimerization
Dimerization

molecules published by Capp et al.[14] As our model compounds were mostly nitrogen
containing aromatic heterocycles, we aimed at calculating α values for aromatic N surface
types in addition to the surface types analyzed by the Record lab.[14-17] Since several
atom types that appeared in our molecules were not included in the Record lab study, we
added an amine N off aromatic rings to our atom types.
Aromatic ring systems are complicated. In our fittings, we considered other atom
types in the AMBER (ff14SB) force field that describe different aromatic carbons and
nitrogens.[41] Some considerations on whether to include atom types were whether its
ASA was significant and whether the amplitudes for the related atom type in our fits
overlapped and/or whether the error was low.

While we tried many combinations,

ultimately, we just added an aromatic nitrogen and an amine nitrogen off an aromatic ring
to the list of atom type as too many variables can affect error analysis.
All compounds were included in our fit except p-ABA-Glu, N-acetyl-tyrosine,
imidazole, quinolinic acid, and the acidic forms of pyridoxine and nicotinic acid. We did
not include imidazole as it dimerizes at the concentrations needed to obtain a VPO signal.
As only 2 compounds with protonated aromatic nitrogens were available (acidic pyridoxine
and acidic nicotinic acid), we were concerned with the ability of only 2 atoms to provide
good statistics for this atom type. Addition of p-ABA-Glu, N-acetyl-tyrosine, p-toluic acid
and quinolinic acid significantly caused the R2 of our fit to drop, from 0.93 to 0.8 (with all
compounds added). For N-acetyl-tyrosine and quinolinic acid, this is likely due to their
low solubilities which necessitated using low concentrations, a potential source of error. It
is not clear why p-ABA-Glu and p-toluic acid were outliers in our fit. Perhaps mixed
effects from the different electron donating and withdrawing groups off the aromatic rings
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play a role.
Our α values are listed in Table 3.5 along with those from the Record lab. While
our α values are different in magnitude from those from the Record lab, the overall trend
is the same. Both this study and Guinn et al.[15] obtain positive α values for oxygens in
hydroxyl, amide, carboxylate, and phosphate groups. We add the information that aromatic
nitrogens display positive α values. The Record group and our present study find that
amide nitrogens show a negative α value. We add that amine nitrogens off aromatic rings
do as well. Finally, while the Record group had a positive α value for aliphatic carbon (3
± 3×10-4 m−1Å−2), the addition of our compounds tip the balance towards a small negative
value. On the other hand, we obtain a positive β value for Cl - (8 ± 1×10-2 m−1), which is
outside the range (-4 ± 4×10-2 m−1) of Guinn et al.[15]
Finally, we note Diehl et al.[16] compared their proline VPO results with those
from solubility or group transfer free energy (GTFE) assays. While the preferences of many
amino acids to interact with betaine vs water were similar for the two techniques, they also
found significant differences. For example, solubility assays noted a weak preference of
valine and leucine for betaine compared to water while the VPO results indicated a weak
preference of valine for water. In another difference, GTFE experiments found sodium
salts of glutamate and aspartate strongly prefer to interact with betaine while VPO results
indicate a strong preference for water. These differences suggest that while our α values
are somewhat different than those from Capp et al.[14] and Guinn et al.[15], this variability
is not surprising, given that the compounds used in the analysis are different and that GTFE
assays can show somewhat different patterns. On the other side of the coin, the α values
reflect the compounds used in the calculations. Accordingly, our fits likely converge to
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Table 3.5 - A comparison of α and β values from this study vs. those from Guinn et al.[15]
Calculations used Eq (3.4). Data for 15 compounds from this study were used in addition
to 27 compounds from Capp et al.[14] α values for an amine N off an aromatic ring and an
aromatic N atom types were calculated in addition to the atoms types in Guinn et. al.[15]

α values from this study
Surface type, i

α values from Guinn et al.[15]

104αi,
m−1Å−2

Surface type, i

104αi, m−1Å−2

Aliphatic C

-3 ± 1

Aliphatic C

3±3

Hydroxyl O

7±1

Hydroxyl O

1±2

Amide O

49 ± 3

Amide O

28 ± 10

Amide N

-33 ± 2

Amide N

-20 ± 7

Carboxylate O

28 ± 1

Carboxylate O

29 ± 2

Cationic N

-14 ± 1

Cationic N

-12 ± 4

Aromatic C

-31 ± 1

Aromatic C

-23 ± 4

Phosphate O

48 ± 2

Phosphate O

49 ± 4

Amine N off aromatic rings

-53 ± 3

Amine N off aromatic rings

-

Aromatic N

27 ± 3

Aromatic N

-

Inorganic ion

102 βion, m−1

Inorganic ion

102 βion, m−1

K+

8±2

K+

5±2

Cl-

7±1

Cl-

-4 ± 4
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somewhat different values due to the extra information provided by the additional
compounds used in our experiments.
3.4.I Solubility Assays
A second approach to investigate how betaine interacts with folate uses a solubility
assay. Thus we measured the solubility of folate in water vs. 1M betaine at various pH
values. Figure 3.8 shows the data, which were analyzed as per the Bolen lab.[22, 23] The
composition vs. density plots for pHs 7 and 10 were each fit to two lines as shown. The
intersection of the lines provided the concentration at which the solution was saturated with
folate in either water or 1 M betaine. At pH 5, the solubility of folate in 1 M betaine was
higher than in water (Figure 3.8.A). The transfer free energy of folate was calculated as 297 ± 22 cal/mol where a negative free energy indicates a preference for the betaine
solution over water. At pH 7, folate is almost equally soluble in water and 1 M betaine
(Figure 3.8.B). The transfer free energy from water to betaine was found to be 89 ± 30
cal/mol. The data at pH 10 (Figure 3.8.C) indicate that folate is more soluble in water than
in betaine with a transfer free energy of 500 ± 150 cal/mol. These solubility assays indicate
folate prefers to interact with betaine compared to water in the lower pH range. In contrast,
folate prefers to interact with water over betaine as the pH increases and the deprotonated
enol tautomer of folate predominates. The general trend observed in the solubility and
VPO experiments is the same. We also note that depending on the pH, dimer K d and the
folate concentration, monomer and/or dimer species may be present.
3.4.J Binding of Folate and PG4 to R67 DHFR and EcDHFR
α values can be used to predict ligand-osmolyte interactions. Can this information
be used to predict effects on ligand binding to proteins? The caveat is whether all the
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Figure 3.8 - pH dependence of folate solubility in 1 M betaine and water. The data for
solubility in 1M betaine and water are shown as (◻) and () respectively. Panel A plots
the folate concentration measured by absorbance vs. the folate composition at pH 5. Panels
B and C plot the solution density vs. the molal composition at pHs 7 and 10 respectively.
The data were fit to two solid lines for water and two dashed lines for betaine. The
intersection of the lines for each solution condition gave the saturation concentration of
folate. The transfer free energies at pHs 5, 7, and 10 are -297 ± 22 cal/mol, 89 ± 30 cal/mol
and 500 ± 150 cal/mol, respectively.
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Continued Figure 3.8
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surfaces of the ligand are used in the binding interaction. For example, we consider the
case of folate polyglutamylation.

As glutamate excludes betaine, addition of extra

glutamates to folate (extended conformer) increases the predicted µ 23/RT value from -0.09
± 0.04 m−1 to 1.22 ± 0.04 m−1 for pteroyltetra-γ-L-glutamate (PG4). If the polyglutamate
tail is involved in binding to DHFR, this increase in µ23/RT predicts lesser osmotic stress
effects. However, our ITC experiments found betaine addition weakens binding of folate
or PG4 to R67 DHFR (see Figure 3.9.A and Table 3.6). Thus use of a calculated µ 23/RT
value for a ligand is not sufficient to predict effects of betaine on binding.
While many folate pathway enzymes show tighter binding to polyglutamylated
folate redox states, we did not find any information addressing this issue in EcDHFR. Thus
we measured the affinity for folate to EcDHFR and found it also decreased linearly with
increasing betaine concentration. The affinity for PG4 binding to EcDHFR was similar to
that of folate (see Figure 3.9.B). These results predict that the additional glutamates will
not contribute to binding to EcDHFR. Thus an important parameter in predicting betaine
effects on binding is whether all the ligand atoms are used in the interaction.
3.4.K Prediction of Folate 23/RT Values from Simulation Data
In the MD simulation of folate in water, folate adopted a range of conformations.
For each of these conformations, a 23/RT was calculated from α values.

Similar

calculations were also performed for the simulations of folate in water and 1.35 M betaine.
A relatively large variation in the predicted 23/RT values for folate was noted over the
course of both simulations (see Figures 3.10.A and 3.11). The average 23/RT value for
folate in water was -0.03  0.05 m-1 while the value for folate in 1.35 M betaine was -0.05
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Figure 3.9 - The effect of osmolality on the binding affinities of folate ( ) and PG4 () to
DHFRs. Panel A plots ln Ka vs. osmolality for folate and PG4 binding to R67 DHFRNADPH. The negative slopes indicate weaker binding of both folate and PG4 in the
presence of betaine. Panel B shows similar results obtained for EcDHFR. No significant
difference can be noted in the binding affinities of folate and PG4 to EcDHFR, predicting
no effect of polyglutamylation on binding.
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Table 3.6 - Thermodynamic parameters for binding of folate and PG4 to the R67 DHFRNADPH binary complex and EcDHFR by ITC. The osmolalities of the buffer with and
without betaine are also listed.

Complex

Folate
binding
to R67
DHFRNADPH

PG4
binding
to R67
DHFRNADPH

Folate
binding
to
EcDHFR
PG4
binding
to
EcDHFR

Buffer
and/or
osmolyte
addition

Kd
(M)

G
(kcal/mol
)

H
(kcal/mol
)

TS
(kcal/
mol)

n

Osmo
lality
(Osm)

MTA pH
8

23 ± 5

-6.1 ± 0.1

-8.1 ± 0.8

-1.9

0.60 ± 0.1

0.25

MTA pH
8+5%
betaine

46 ± 16

-5.7 ± 0.2

-5.6 ± 1.2

0.12

0.58 ± 0.1

0.84

MTA + 10
% betaine

52 ± 27

-5.6 ± 0.4

-2.0 ± 0.6

3.6

0.68 ± 0.1

1.25

16 ± 6

-6.3 ± 0.3

-6.8 ± 1

-0.52

0.61 ± 0.1

0.25

29 ± 10

-5.9 ± 0.2

-4.4 ± 0.8

1.6

0.58 ± 0.1

0.84

37 ± 13

-5.8 ± 0.3

-1.3 ± 0.2

4.5

0.55 ± 0.1

1.25

2.9 ±
1.7

-7.6 ± 0.3

-9.0 ± 2.3

-1.5

0.80 ± 0.1

0.19

7.1 ±
1.8

-7.1 ± 0.2

-9.6 ± 1.3

-2.5

0.93 ± 0.1

1.15

13 ± 4

-6.7 ± 0.2

-9.7 ± 2.5

-2.9

0.83 ± 0.1

2.05

2.6 ±
0.7

-7.6 ± 0.2

-8.9 ± 0.9

-1.4

0.70 ± 0.1

0.19

MTA pH
8
MTA pH
8+5%
betaine
MTA pH
8 + 10 %
betaine
MTA pH
7
MTA pH
7 + 10 %
betaine
MTA pH
7 + 20%
betaine
MTA pH
7
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Figure 3.10 - Folate Simulation in Water. Predicted 23/RT values for folate associated
with its MD simulation in water () are shown in panel A. The average of the 23/RT
values is shown by a solid line. The dashed lines show 1 standard deviation from the
average value. Ten representative folate conformers are superimposed on their pterin rings
and are shown in panel B for higher (green) and panel C for lower (magenta) than one
standard deviation corresponding to the filled circles in panel A. Oxygen and nitrogen
atoms are shown in red and blue, respectively.
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B

C
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Figure 3.11 - Folate Simulation in Betaine and Water. Predicted 23/RT values for folate
associated with the MD simulations of folate in water with betaine (). The average of the
23/RT values is shown by a cyan line. The red dashed lines show one standard deviation
from the average value. Panel B shows predicted 23/RT values from the frames of
simulations of folate in just water () and in water with 1.35 M betaine ().
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 0.05 m-1. Slightly more than 30 % of the structures fall above, or below, one standard
deviation of the average. This suggests that folate can adopt a range of conformations that
can have significantly different interactions with betaine. The average 23/RT values for
folate in water and 1 M betaine are within error, suggesting that betaine has no effect on
folate conformations.

3.5 Discussion
3.5.A. Folate is an Interesting Molecule
Folate display many differences from the small molecule compounds and proteins
previously studied by the osmometry approach. First, it contains aromatic nitrogen atoms.
Our deconvolution of µ23/RT values down to α values indicates aromatic nitrogens prefer
to interact with water rather than betaine. This is consistent with betaine not being a Hbond donor, leaving water to interact with the aromatic nitrogens.

Second, folate

dimerizes, allowing the pterin and p-ABA rings to stack. This results in a concentration
dependent µ23/RT value. Using our α values, we can predict µ23/RT values. For the dimeric
folate model proposed by Poe,[18] this value is 0.81 ± 0.03 m-1. We note the predicted
values are based on specific structures of folate while the experimental value describes the
solution conformation(s). Differences between the predicted and experimental values can
describe variances in the solution conformation(s) vs. our minimized structures. We find
that our predicted µ23/RT value is sensitive to the monomeric folate conformation. For
example, an extended folate structure from R67 DHFR[42] yields a µ 23/RT of -0.11 m-1,
while L-shaped folates from EcDHFR (PDB ID 1RX7) and FolT, a folate transporter (PDB
ID 4Z7F), provide µ23/RT values of -0.02 m-1 and -0.01 m-1, respectively. To assess the
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possible folate conformations present in solution, we performed a population analysis. We
analyzed 200 folate conformations from a MD trajectory of folate in water, calculated their
ASAs with SurfaceRacer and used MATLAB to calculate µ23/RT values. Figure 3.10.A
plots the range of µ23/RT values predicted, which is -0.18 to 0.09 m-1. This range of µ23/RT
values easily corresponds to the lower limit of the titration seen in Figure 3.3.A. As shown
in Figure 3.10.B, the folates with negative µ 23/RT values show extended structures while
folates with positive values show more bent structures. Analysis of the ASA contributions
to the change in μ23/RT value indicates alterations in the N10 and aromatic ring areas are
most important. We note the biological relevance of the p-ABA-Glu tail flexibility was
explored previously by covalent tethering of folate to R67 DHFR, which results in lower
enzyme activity.[43] In addition, MD simulations found that flexibility in the p-ABA-Glu
tail orients the pterin ring for the hydride transfer event in the active sites of both R67
DHFR[42] and EcDHFR.[44]
A third interesting characteristic associated with folate is deprotonation of the N3O4 enol tautomer, which affects folate’s µ23/RT value. The pKa measured by VPO (8.1 ±
0.17) is similar to those previously monitored by NMR (7.94, 8.38) [9, 35] and capillary
electrophoresis (7.98).[36] As O4 titrates from an enol to an enolate and N3 concomitantly
loses its proton, a high µ23/RT value results (1.25 ± 0.07 m-1). As the N3 can no longer
serve as a H-bond donor, this part of the folate molecule prefers to interact with water.
Another consideration arises from quantum mechanical calculations by Soniat et al. on
anionic pterin which report delocalization of the negative charge on the ring.[33] Exclusion
of betaine from a delocalized negative charge on the pterin ring is consistent with Felitsky
et al.[34] who found betaine was strongly excluded from anionic surfaces.
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Other compounds with aromatic nitrogens such as pyridoxine and nicotinic acid
also showed pH effects on their µ23/RT values. Our measured pyridoxine pKa was 5.98 ±
0.25. This compares to pKa values of 5.1 ± 0.02 and 9.0 ± 0.03 for the aromatic nitrogen
and phenol hydroxyl measured by potentiometry.[45] However other studies indicate
pyridoxine in aqueous solution at neutral pH exists as a mixture of neutral and zwitterionic
species.[46-48] While the identity of the titrating species is not clear, the pH dependence
of µ23/RT is evident. The general trend is for protonated species to be more interactive
with betaine than the deprotonated species. This is true for folate (pK a ~8), pyridoxine
(pKa 5-6) and nicotinic acid (pKa ~5). Again, this is consistent with neither betaine nor
the small molecule (at the position of interest) being a good H-bond donor. In contrast,
water competes well under these conditions.
3.5.B. Deconvolution of µ23/RT into α Values and Kp Values
Our α values are listed in Table 3.5. As mentioned above, our α values mostly
show the same sign as those from the Record group, however the amplitudes are different.
This may be due to different ASAs calculated for the small molecules. Other differences
may be due to whether dimerization occurs as we add aromatic compounds to the list of
small molecules. Dimerization was observed in our folate studies as well as imidazole.[49]
Another possible difference is the influence of ionization state on µ 23/RT values. We
(mostly) maintained pH 7 conditions and also considered relevant pK a values. The Record
lab also considered ionization states in their study of PEG interactions as they included 2
different oxygen atom types, -COOH and -COO-. The α values for interaction of these
atom types with glycerol are 0.0446 m-1 and 0.467 m-1, respectively.[17] An additional
issue is whether uracil is aromatic. While a recent publication suggested it is not, we treated
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the ring atoms as aromatic.[50] Even with all these caveats, the R 2 for our MATLAB fit
of 42 compounds was 0.93. We found removing each of the 15 compounds and refitting to
Eq (3.4) yielded similar R2 values. Also the α values did not change significantly in these
various fits.
To test our α value calculations, we predicted µ 23/RT values for our test compounds
using Eq (3.4) and compared them to the experimental values. A plot of predicted vs.
experimental µ23/RT values is linear as can be seen in Figure 3.12. The good correlation
between predicted and experimental values supports this type of analysis for betaine
interactions with small molecules.
Kp values represent the microscopic local bulk partition coefficients that can be
calculated from the α values and Table 3.7 shows Kp values obtained for each surface type.
A value less than one indicates water accumulates around the atom more than betaine. K p
values above 1 indicate the opposite, where betaine accrues more readily around the atom
surface. Carbon and nitrogen atoms, except for aromatic nitrogens, have K p values above
1. On the other hand, all types of oxygens, as well as aromatic nitrogens, have K p values
below 1. Therefore, these atom types prefer to be hydrated by water over betaine. A
representation of Kp values for the atom types in folate is shown in Figure 3.13.
3.5.C. Solubility vs. VPO Assays
We studied the interaction of folate with betaine using solubility assays and VPO
experiments. Both approaches yielded similar results. At pH 7, solubility assays find that
folate interacts with both water and betaine with a transfer free energy of 89 ± 30 cal/mol.
In our VPO studies in Figure 3.3.A, the 23/RT value approaches zero at low folate
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Figure 3.12 - A comparison of predicted µ23/RT values vs. experimental µ23/RT values.
The red squares are from Capp et al.[14] and the black circles are from our additional
compounds. Many of our compounds have negative µ 23/RT values. The black line shows
a slope of 1 for a fit through 0,0. The blue line shows the best linear fit of the data with an
R2 of 0.93. The 90% confidence intervals for the fit are shown in green lines.

171

Figure 3.13 - A representation of Kp values for each atom type in folate is shown. Aromatic
carbons, amide nitrogen, amine nitrogens off aromatic rings and aliphatic carbons
accumulate betaine whereas aromatic nitrogens, carboxylate oxygens and amide oxygen
exclude betaine.
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Table 3.7 - Calculation of Kp partition coefficient values for the different atom types.

a

Atom Type

Kp

Aliphatic C

1.08  0.03a

Hydroxyl O

0.81  0.03a

Amide O

0.11  0.05b

Amide N

1.89  0.05a

Carboxylate O

0.24  0.03a

Cationic N

1.37  0.03a

Aromatic C

1.83  0.03a

Phosphate O

0.13  0.04c

Amine N off Aromatic rings

2.43  0.08a

Aromatic N

0.27  0.08a

bi is set to 0.18, which is approximately 2 layers of water.[15] b bi is set to 0.27, which gives a Kp value

greater than 0. bi = 0.27 is equivalent to three layers of water surrounding the amide oxygen atoms c bi is set
to 0.27, or three layers of water surrounding the phosphate oxygens, in accordance with Capp et. al.[14]
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concentrations. Within error, the solubility and VPO techniques converge to similar
conclusions. They also qualitatively agree with the prediction of µ 23/RT values from our
α values for the various folate conformers as shown in Figure 3.12. At pH 10, the solubility
assays indicate folate prefers water over betaine interaction with a transfer free energy of
500 ± 150 cal/mol. Our VPO studies agree, yielding a µ 23/RT of 1.27 ± 0.36 m-1.
To conclude, at neutral pH, betaine interacts strongly with aromatic carbon surfaces
of folate. This interaction is likely due to formation of cation- pairs.[51-53] Betaine also
strongly interacts with the folate amine groups, indicating betaine is a better H-bond partner
for this group than water. In contrast, betaine is excluded from aromatic nitrogens,
carboxylates, and amide oxygens. This scenario occurs as water can provide H-bonds to
these groups while betaine cannot.
3.5.D. Do these Results Provide any Insights into our Previous Studies where
Betaine Weakens Binding of Folate to R67 DHFR and EcDHFR?
A means of checking the adequacy of predicting 23/RT values is to look at the
effects of betaine on folate, or DHF, binding to enzymes. Previous ITC studies have looked
at the effects of betaine on DHF binding to E. coli chromosomal DHFR (EcDHFR) and to
R67 DHFR.[7, 8] To determine how accurately the current α values predict betaine’s
effects, 23/RT values for DHF and folate binding to EcDHFR and to the R67
DHFRNADP+(NADPH) complex were calculated using available protein structures
(Table 3.8). Similar calculations were done using the α values from Guinn et. al.[15] The
signs of the predicted and experimental 23/RT values match, although the amplitudes
vary. Also sometimes the Guinn et al.[15] α values provide a better match to experiment
174

Table 3.8 - Prediction of the 23/RT values for betaine effects on the binding of ligands
to two different dihydrofolate reductases.

The 23/RT values were calculated by

subtracting the sum of the 23/RTs of the ligand and the apo-enzyme (or binary complex)
from the 23/RT values for the binary complex (or the ternary complex). The predicted
values for complex formation were compared with the 23/RT values calculated from ITC
data.
23/RT (m-1)
α values
from
Guinn et
al.k

Using α
values from
Table 3.5

Using Eq
(3.6) with
ITC data

NADP+

-0.51

-0.88

-0.23 l

EcDHFRNADPH b,c

NADPH

-0.43

-0.77

-0.28 l

EcDHFRDHF b,d

DHF

0.52

0.59

0.57 l

EcDHFRFolate b,e

Folate

0.57

0.37

0.90 m

EcDHFRNADP+DHF f

DHF

0.30

0.54

0.68 l

R67 DHFRNADP+ g,h

NADP+

-0.77

-0.52

-0.84 n

R67 DHFRNADP+DHF i

DHF

0.23

0.46

0.61 n

R67 DHFRNADPHFolate j

Folate

0.19

0.34

0.86 m

Protein-Ligand Complex
Formed

Ligand

EcDHFRNADP+ a,b

a

PDB ID 1RX9 was used in the calculations.[54] bThe apo-enzyme in PDB ID 5DFR[55] was also used in
the calculations. cPDB ID 1RX1.[54] dPDB ID 1RF7[54] was used with the missing terminal carboxylate
g
group of glutamate tail added to the bound DHF. ePDB ID 1RX7.[54] fPDB ID 4PDJ.[56]
PDB ID
2RK2.[57] hThe first two residues of the apo protein (PDB ID IVIE)[58] were removed to be consistent with
the other structures. iThe DHF structure has the pABA-glu tail added.[42] jThe structure from Kamath et.
al. with the pterin ring converted to folate was used. [42] kα values from Table 1 in Guinn et. al.[15] lData
from Grubbs et. al.[8] mData from Table 6. nData from Chopra et.al.[7]
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and sometimes the values from Table 3.5 provide a better match. Variations between
predicted and experimental values may be due to the Met20 loop, which is disordered in
the apo-enzyme and occluded in the NADP+ binary, folate binary and DHF binary
complexes.[59] Another factor concerning apo EcDHFR is that it exists in 2 conformations
(E1 and E2) prior to binding ligand.[60] Thus conformational heterogeneity could play a
role in the ability of computational predictions to match experimental values.
Comparison of the predicted and experimental effects of betaine on ligands binding
to R67 DHFR is quite different than for EcDHFR. Again, the sign of the prediction
matches that of the experiment, with variations in the amplitude. A possible issue affecting
the ability of the calculation to match experiment is the disordered p-ABA-Glu tail of
bound substrate.[42, 43, 57] Different poses can yield different protein surfaces involved
in binding and different substrate conformers, which would both affect the calculated
23/RT value.

Finally, water bridges between R67 DHFR and DHF occur and

SurfaceRacer does not take these bridging atoms into account.
A general issue that may affect both experimental data sets is uptake or loss of
protons upon binding. Our ITC results have previously found uptake of a proton by R67
DHFR upon binding folate.[61] Additionally, resonance Raman studies find protonation
of DHF by the active site of EcDHFR in the ternary complex.[62, 63] This event is not
necessarily identified by ITC, which only measures the net number of protons taken up or
released.[64] However, binding of NADPH and NADP+, as measured by ITC, does
involve release of a proton.[8] Discrepancies between our experimental and predicted
23/RT values may arise due to these protonation effects not being accounted for in our
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predictions of 23/RT values. Another potential issue in our prediction of 23/RT values
using Eq (3.4) may arise due to deviations from the additivity principle for
macromolecules.[65, 66] While chemical additivity of small molecules is common,
additivity does not always occur in large biochemical molecules. The predicted 23/RT
values of the DHFRs may be overestimated if the interaction potentials of individual groups
with betaine are non-additive.
We conclude that this approach to analyze binding has limitations. As with folate
(Figure 3.10), proteins are likely to have conformational changes associated with their
structures. Indeed loop movement and other dynamics have long been associated with
ligand binding to EcDHFR.[54, 67, 68] This suggests that it will likely be difficult to
predict 23/RT values for proteins that release/uptake protons upon binding, undergo
dynamic motion, that use “wet interfaces” for binding, for intrinsically disordered
sequences and for protein folding, although the Record lab has had some success with the
latter case.[16, 69]

3.6 Conclusion
While betaine is an excellent osmolyte for protein stability and folding, it is less
helpful for folate to function as a substrate and/or cofactor as the aromatic pterin and pABA rings prefer to interact with betaine compared to water. This preferential interaction
results in weaker binding affinities of folate(s) to DHFRs. As the aromatic pterin ring is
lost in dihydrofolate (DHF) and tetrahydrofolate (THF), the predicted µ 23/RT values for
these more reduced states increases to -0.06 ± 0.03 (for the DHF conformation in the
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EcDHFRNADP+DHF complex). As DHF and THF contain the same atom types, the
predicted µ23/RT values do not change. These values predict osmotic stress effects on other
folate pathway enzymes. These effects could be mitigated if the enzymes involved prefer
polyglutamylated substrates.
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4.1 Abstract
Dihydrofolate reductase (DHFR) catalyzes the NADPH dependent reduction of
dihydrofolate to tetrahydrofolate, which serves as a source for one-carbon donation
reactions in cellular metabolism. R67 DHFR is a plasmid-encoded DHFR that confers
resistance against trimethoprim, which is a potent inhibitor of E.coli chromosomal DHFR.
R67 DHFR is a homo-tetramer with a single active site pore. The dimer crystal structure
indicates 16-18 amino acids at the N-terminus of each monomer are intrinsically
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disordered. Truncation of 16 N-terminal amino acids results in almost full activity but a
lowered stability.
We investigated the effect of ligand binding on the disordered N-termini that might
induce a coupled binding and folding of the unstructured tails using small angle neutron
scattering (SANS). The binary complex with the oxidized cofactor (NADP +) and the
ternary complex with the substrate (dihydrofolate) resulted in radii of gyration comparable
to that of the apo protein, suggesting minimal, if any changes in the overall shape of the
protein.
We did not observe compaction of the overall structure in the presence of betaine
as the radius of gyration (Rg) of the protein indicated slightly higher values. A combined
analysis using molecular dynamics and a program called SASSIE gives better insight into
the ensemble of states sampled by the disordered tails of the apo R67 DHFR in the presence
and absence of betaine. A similar analysis was done for the binary and ternary protein
complexes. The disordered N-termini seem to sample collapsed as well as partially
extended conformations and remain mostly disordered in all the conditions tested.
We also studied the hydration of R67 DHFR in presence of osmolytes (glycine
betaine and DMSO) and our results indicated around 1200 water molecules hydrating the
full-length protein in the presence of betaine as well as DMSO.

4.2 Introduction
Dihydrofolate reductase (DHFR) catalyzes the reduction of dihydrofolate (DHF) to
tetrahydrofolate (THF) using NADPH as a cofactor. THF and its derivatives serve as
cellular cofactors for one-carbon transfer reactions involved in the synthesis of nucleotides
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such as thymidine, amino acids such as methionine and glycine and various other
metabolites. Effective blocking of DHFR activity leads to cell death. Therefore, this
enzyme is a target for anti-bacterial and anti-cancer drugs. Trimethoprim is a potent
inhibitor of E. coli chromosomal DHFR (EcDHFR) that has been used widely as an
antibacterial drug.
The gene encoding R67 DHFR, carried by an R-plasmid, confers resistance against
trimethoprim. This type II DHFR is genetically and structurally unrelated to EcDHFR.
R67 DHFR is a homotetramer and each monomer has five antiparallel -strands that
assemble into a dimer with a six-stranded -barrel at the subunit interface. Using looploop interactions, two dimers assemble into a tetrameric “doughnut” with a single active
site pore.[1]
Numerous experiments indicate the first 21 residues at the N-terminal of R67
DHFR are disordered and can tolerate various sequences. For example, several disorder
predictors indicate the N-terminal sequence to be intrinsically disordered.[2] Also the first
18 amino acids for each monomer do not appear in the dimer crystal structure.[3] The Ntermini can be cleaved after the 16th residue (Phe) by chymotrypsin treatment and the
truncated protein is almost fully active, although somewhat less stable.[4] When a gene
encoding the truncated protein is constructed, no trimethoprim resistance was observed in
vivo. The truncated tetrameric protein was crystallized by Narayana et al. and the structure
was first solved at a resolution of 1.7Å[1] and a later resolution of 1.1 Å. [5] High thermal
factors in the refined structure obtained under cryo-cooling conditions at 100K suggested
the stretch of residues from 17–21 to be disordered independent of the temperature at which
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the data were collected. In addition, electron densities for residues 21-23 were noted to be
diffuse, indicating high mobility.[5]
Other type II DHFR variants (e.g. R388, R751) show different N-terminal
sequences but the same core sequence contributes to the β-barrel structure.[2, 6, 7] This
can also be seen from the sequence alignment of the type II DHFR variants suggesting nonidentity in the first 21 residues at the N-termini. His tags can be added to the N-termini.[8,
9] Further a tandem array of four R67 DHFR gene copies encodes a protein where the C
and N-termini of the first and second monomers are fused as well as the second and third
monomers and the third and fourth monomers. The resulting Quad1 protein possessing
four times the molecular mass of the R67 DHFR monomer was stable as well as
functional.[10] Similarly, the N-terminal sequences from R388 and R751 can be used as
the linker domains to give a functional monomeric Quad4 protein.[2] These various
experiments and constructs indicate the N-termini can be modified without loss of function.
In vivo TMP resistance is not conferred onto the host cells by a gene encoding the
truncated R67 DHFR, indicating a role of the disordered N-termini in protein expression
and stability. To gain information on the conformational space occupied by the disordered
N-terminal sequences in R67 DHFR, we performed small angle neutron scattering (SANS)
experiments in different solution conditions. As there is no structural information about the
N-termini, SANS data could be utilized to model the ensemble of conformations sampled
by the disordered tails in solution.
Disordered sequences often undergo coupled binding and folding as the Gibbs
energy of the native state is lowered by using the binding energy of ligands or other protein
partners to drive folding. We monitored if there was any change in the conformational
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sampling of the disordered tails upon binary complex (R67 DHFR-NADP +) or ternary
complex (R67 DHFR-NADP+-DHF) formation. Also, osmolytes have been shown to exert
protein stabilizing forces via a preferential exclusion mechanism. To determine whether
osmolyte addition leads to folding of the termini, we added deuterated betaine to examine
any changes in the R67 DHFR shape with SANS.
The water associated with the protein surface comprises the hydration layer which
can be differentiated from the bulk solvent. The first hydration shell can contain tightly
bound water as well as water that can freely exchange. These differences are due to the
varied environments associated with the protein surface which can display different clefts
and bumps as well as different atom types.[11] Computational studies have shown the
water molecules hydrating the disordered chains exhibit different properties than those
surrounding the globular domains, both in terms of number of waters and structural order
of the water molecules in the hydration layer.[12, 13]
Various methods can be employed to study protein hydration. A typical approach
calculates the accessible surface area (ASA) and divides the value by 9 Å 2 to predict the
number of solvent waters. Several experimental techniques including NMR probe
hydration water.
We aimed to monitor the preferential hydration of full length R67 DHFR using
SANS experiments, upon addition of hydrogenated osmolytes in D2O buffer solution; this
is analogous to a H2O/D2O contrast variation approach, i.e. the contrast created by
hydrogenated osmolyte addition allows measurement of the hydration shell associated with
R67 DHFR. The contrast created by osmolytes differentiates between the hydration layer
and the bulk solvent. The information obtained from the scattering contrast can be used to
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obtain the number of water molecules in the hydration layer that are responsible for
exclusion of the added osmolyte from the protein surface.

4.3 Methods
4.3.A. Protein Expression and Purification
R67 DHFR was expressed and purified as per Reece et al.[4] Briefly, cell lysates
were subjected to ammonium sulfate precipitation and ion-exchange column
chromatography to purify the protein to homogeneity. Purified samples were dialyzed
against distilled, deionized H2O and lyophilized. Protein concentrations were determined
using a bicinchoninic acid (BCA) (Pierce) assay.
4.3.B. Small Angle Neutron Scattering (SANS)
Experiments were performed on the EQ-SANS instrument at the Spallation
Neutron Source at the Oak Ridge National Laboratory. In 60 Hz operation mode, a 4 m
sample-to-detector distance with 2.5-6.1 Å wavelength band was used.
Samples of R67 DHFR were prepared in 20 mM deuterated Tris buffer in D 2O (pD
7.0) with no osmolyte and with the osmolytes betaine and DMSO. The osmolytes were
hydrogenated to create a contrast with the deuterated buffer conditions, allowing
measurement of the changes in preferential hydration of apo R67 DHFR.[14] The
concentrations of osmolytes ranged from 2.5 % to 20 % (w/v) for betaine and 2.5 % to
17.5 % for DMSO (v/v). The protein concentration ranged from 4.5 - 7.5 mg/ml.
All samples were prepared, centrifuged and loaded into banjo-shaped quartz
cuvettes (Hellma USA, Plainville, NY) of 2 mm path length. Neutron exposure times were
approximately 1 h and the scattered neutrons were detected on a 1 × 1 m two-dimensional
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detector at 25 °C. The data collected for all experiments were reduced using MANTID
Plot[15] and the total two-dimensional scattering was corrected by the scattering from the
empty quartz cell. Then, the scattering was normalized by the incident beam flux and
radially averaged to obtain the absolute scale intensity, I(q) versus scattering angle, q. The
background scattering for the respective buffers was subtracted from the total scattering.
Guinier analysis with a linear plot of ln I(q) versus q 2 for low q data gave a slope of -(Rg2)/3
and the intercept on the Y-axis gave the I(0) value. An estimate of the radius of gyration
of the protein (Rg) and the zero angle scattering intensity I(0) was obtained using Eq (4.1):
[16]

( ) = (0)

/

Eq (4.1)

where I(q) and I(0) are the scattering intensities at small angles (q) and at zero angle
respectively; and Rg is the radius of gyration.
The data were also analyzed using the GNOM program in the ATSAS package.[14]
GNOM reads the scattering profile and evaluates the particle distance distribution function,
P(R), in a defined range of distances and yields the apparent radius of gyration (R g) and
zero angle scattering intensity I(0). Data for each sample were fit using Guinier analysis
and the GNOM program.
The Rgs and the zero angle scattering intensities, I(0), of R67 DHFR in the presence
of varying concentrations of osmolytes (betaine and DMSO) were determined from the
GNOM fitting. The data were normalized for the protein concentration of each sample. To
obtain information on the preferential hydration of R67 DHFR and effect of osmolytes on
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the hydration, the change in I(0) with increasing concentration of osmolytes was fit to Eq
(4.2) from Stanley et al.[15]

I (0)/I(0) = (1 + f (

)(

)) Eq (4.2)

where Is(0) and I(0) are the zero angle scattering intensities in the presence and absence of
osmolyte respectively, fv, or fractional volume, is the concentration of osmolyte added (w/v
for betaine and v/v for DMSO), ρw, ρs, ρp, are the scattering length densities of water, solute
(=osmolyte), and protein, respectively, and Vp and Vw are the volumes of protein and
protein-associated water, respectively. The scattering length densities of protein, betaine,
DMSO and the protein volume were calculated using the online tool MULCh.[16] The
volume of protein associated water gives the number of water molecules in the hydration
layer of R67 DHFR upon osmolyte addition.
To study the effect of betaine on the disordered N-termini of R67 DHFR, the change
in overall shape and compaction of apo protein in the presence of 20 % deuterated betaine
was explored. Experiments were also done to study any changes in the protein ordering
upon binding of NADP+ to apo R67 DHFR (binary complex formation) and of DHF to R67
DHFR-NADP+ (ternary complex formation). Buffer controls were run for detecting the
background scattering. Data were analyzed using Guinier analysis and GNOM to
determine the Rg and I(0) values. GNOM also gives the pairwise distance distribution.
4.3.C. Analysis using MD and SASSIE
Our

next

step

was

to

analyze

the

data

using

SASSIE

(http://www.smallangles.net/sassie/SASSIE/SASSIE_HOME.html).[17] This program
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suite creates atomistic models of the protein using Monte-Carlo simulations, calculates
theoretical scattering data for these models using a SasCalc tool and compares it to the
experimental data. The experimental SANS data were interpolated into SASSIE in a
defined q range using the data interpolation module. SASSIE required full length protein
as the starting structures to generate a large number of models for fitting.
The N-termini were added to the crystal structure of truncated R67 DHFR
(2RH2)[18] using Modeler (version 11) with energy minimization generating 10 models.
To get a broad range of starting structures for SASSIE, molecular dynamics simulations on
10 models of full length R67 DHFR were run for 100 ns using the AMBER force field.
Further 1 s MD runs were performed for 4 full length protein models to provide additional
sampling time. The modelling of the full length protein and molecular dynamic simulation
was done in collaboration with Khushboo Bafna and Dr. Pratul Agarwal.
Representative frames were extracted from the course of the simulations and the
SasCalc module in SASSIE was used to generate theoretical SANS profiles, which were
compared to the experimental SANS data (apo R67 DHFR in buffer with no osmolytes)
using the 2 analysis module. Those structures with a low 2 value (<10) were chosen as
good fits to the experimental SANS data and five such frames were chosen for further
analysis in SASSIE. Additionally, two more models were built – one with the two Ntermini interacting with each other on either side of the tetramer and a second one with all
the four termini blocking the active site pore. This approach allowed us to obtain a set of
27 starting structures where the N-termini sample a large conformational space.
All the selected input frames were used to run a Complex Monte-Carlo simulation
generating 10,000 frames from each starting structure of which the accepted frames
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avoiding atom overlap were used for further analysis. The core of the protein remained
constant, only alternate conformations of the N-terminal 21 amino acids were generated.
Based on the average Rg obtained (~ 21.5 Å), directed Monte-Carlo sampling was
additionally performed to generate 20,000 structures with R g values limited to a range from
20.5 Å – 22.5 Å.
The resultant frames from Monte-Carlo sampling were subjected to a 500 step
minimization using NAMD and the theoretical SANS profiles were calculated using the
SasCalc module in SASSIE. The next step in SASSIE was a 2 analysis, which compares
the theoretical profile for each frame to the experimental data. Similar comparisons were
performed with the experimental SANS profiles obtained for the ligand bound complexes
(binary and ternary) as well as the apo R67 DHFR in 20 % deuterated betaine.
4.3.D. Differential Scanning Calorimetry (DSC)
Thermal unfolding of R67 DHFR was monitored between 25 and 95 °C using a
Microcal VP differential scanning microcalorimeter. The concentration of R67 DHFR was
150-160 μM in MTA buffer (100 mM MES, 50 mM Tris and 50mM acetic acid), pH 8.
Samples were also prepared in MTA buffer with 20 % betaine or 15 % DMSO. Scan rates
were 1 °C/min. Scans were repeated two times. The data obtained were analyzed using the
Origin program (version 7.0) supplied by the manufacturer and the melting temperatures
were obtained.

193

4.4 Results
4.4.A. SANS Data Analysis for Apo R67 DHFR
The SANS profile shown in Figure 4.1.A examines the overall shape and radius of
gyration of R67 DHFR. The data have been corrected by subtracting the background
scattering from the buffer and the intensity was normalized by I(0). The primary analysis
using GNOM fits shown in Figure 4.1.B yields a Rg value of 21.89 ± 0.12 Å. The crystal
structures of truncated apo R67 DHFR gave Rg values of 17.2 Å (2RH2)[18] and 17.6 Å
(2GQV)[19] as determined using MOE. (version 2015.10). The differences in the R g values
for the two truncated proteins may be due to Ser 20 be present in one of the structures
(2GQV)[19] whereas the other structure (2RH2)[18] starts at the Asn 21.
4.4.B. Predicting the Structures Associated with the R67 DHFR N-Termini using
MD and SASSIE
To gain information about the space sampled by the N-termini, we used a MD
approach for analyzing our SANS data. As described in the methods section, 25 frames of
the full length protein were selected from MD simulations and used as inputs for a MonteCarlo atomistic simulation module in SASSIE. Additionally, two more models were hand
built where the termini either blocked access to the active site pore or the termini were
interacting and collapsed on both sides of the protein. The complex Monte-Carlo module
in SASSIE sampled various conformations of the initial 21 residues at the four N-termini
of R67 DHFR holding the rest of the structure constant. The output frames were filtered
for accepted structures based on steric hindrance. Thus, a total of ~150,000 frames were
generated with the Monte-Carlo simulations over a wide range of R g, from 19.5 Å to 29.5
Å.
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Figure 4.1- SANS profile and GNOM analysis for apo R67 DHFR. Panel A shows the
normalized scattering intensity of the protein, I(q)/I(0), with increasing q. The SANS
profile was obtained upon subtracting the scattering contribution from the buffer and
normalizing the scattering intensity by I(0). A GNOM fit of the profile, shown in panel B,
gave the pairwise distance distribution and a R g value of 21.89 ± 0.12 Å.
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Our next step was to use SasCalc in SASSIE to obtain theoretical SANS profiles
for the accepted structures. These were compared to the experimental SANS data obtained
for apo R67 DHFR in the absence of osmolytes. A goodness of fit analysis gave an output
of 2 for each fit against the Rg. All the 150,000 structures had high 2 values (12-430).
This suggested that our initial sample set of 150,000 frames did not contain conformations
that could provide the best fits to the experimental SANS data. Figure 4.2.A plots the 2
versus Rg distribution for all the frames, which indicates that the 2 value increases with
increasing Rg value. Thus, to obtain frames to model our SANS data with lower 2 values,
we performed directed Monte-Carlo simulations (see Methods 4.3.C for details) that
generated frames yielding better fits. Figure 4.2.B shows the 2 versus Rg plot for ~ 25,000
frames sampled by directed Monte-Carlo simulations. Thus, we obtained a set of ~175,000
frames from our SASSIE analysis. The space sampled by all those structures is represented
by the gray mesh in Figure 4.2.F
Figure 4.2.C shows the overlay of the SANS profiles for the best fit (2=2) and the
worst fit (2=430) to the experimental SANS data. The corresponding structures for the
best and worst fits are shown in Figure 4.2.D. The analysis provided 6791 frames with 2
values lower than10 representing better fits to the experimental data. The positions of the
N-termini with respect to the core of the protein are shown in a figure of the center of mass
of the first residue (methionine) for each chain (see Figure 4.2.E). The asymmetrical
sampling of the disordered tails was observed with two N-termini sampling collapsed
conformations, positioned near the core of the protein (red and blue spheres) as compared
to the other two termini sampling both the collapsed conformations placing them near the
core as well as relatively extended conformations away from the core of the protein (orange
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Figure 4.2 - SASSIE analysis for apo R67 DHFR. Panel A shows the 2 vs. Rg plot
comparing the SANS profiles of representative frames generated by Monte-Carlo sampling
to the experimental SANS data for apo R67 DHFR in absence of osmolytes. The red line
indicates a cut off for 2 =10. Panel C overlays the theoretical SANS profiles for the best
(2 = 2) and worst fits (2 = 430) compared to the experimental SANS data while Panel D
provides the corresponding best and worst structures, respectively. Panel E shows the
center of mass of the N-terminal methionine for each of the 4 chains for the frames with 2
<10 (good fits). The four monomers and the center of mass points for each N-termini are
colored coded. Also, the center of mass points for two termini are shown with 90° rotation
to visualize the interface between two monomers. Panel F shows the overlay of the density
plots for the structures sampled by MD and Monte-Carlo (gray mesh) and the structures
providing good fits to the experimental data (light blue mesh). The gray mesh indicates the
MD simulations and Monte-Carlo approaches sample most of the available “structural
space”. The overlay plots are also shown with a 90° rotation (side view of the pore). The
density plot representing the sampling of each termini is shown in panel G. The mesh and
the monomers are color coded.
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and gray spheres). Interactions between two disordered tails and also between the
disordered and the ordered protein surface also seem possible as seen from the center of
mass positions in Figure 4.2.E.
Another way of representing the outcome of SASSIE analysis is shown in Figure
4.2.F. A large sampling of conformations for the N-termini observed using the MonteCarlo approach can be seen from the gray mesh in Figure 4.2.F representing the density
plot for all the frames generated by Monte-Carlo sampling. Best fits by SASSIE for the
apo protein sample regions near the structured protein as shown by the blue mesh (see
Figure 4.2.F). The overlay of density indicates the tendency of the N-termini to compact
and sample space mostly near the sides of the structured protein. An asymmetric density
plot for the good fits can be attributed to the conformations disordered tails extending out
from the ordered protein core. A range of R g values for the good fits is given in Table 4.1.
Thus, we obtain the conformational sampling of the disordered tails of R67 DHFR with an
average Rg value of 21.27 ± 0.21 Å, which is within error of the R g value obtained from
the GNOM fitting of the SANS data for apo R67 DHFR as can be seen from Table 4.1.
4.4.B Effect of Ligand Binding on the Disordered Termini in R67 DHFR
SANS data were collected for R67 DHFR to monitor any changes in the disordered
N-termini upon ligand binding. Data collected for binary (R67 DHFR-NADP +) and ternary
(R67 DHFR-NADP+-DHF) complexes were analyzed using GNOM. A comparison of the
pairwise distribution plots for the apo, binary and ternary complexes is shown in Figure
4.3. The Rg values for the apo protein, NADP+ binary and NADP+-DHF ternary complexes
are 21.89 ± 0.12 Å, 21.45 ± 0.14 Å, and 21.45 ± 0.18 Å respectively. As these values are
close, they suggest minimal changes in the shape of the protein occur upon ligand binding.
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Table 4.1 – Comparison of the radii of gyration of the full length R67 DHFR obtained
upon analyzing the SANS data using GNOM and SASSIE modules.

Protein Samples

SASSIE Good fits

GNOM
Rg (Å)

Number Rg Range (Å) Mean Rg (Å)

Apo R67 DHFR

21.89 ± 0.12

6791a

20.77 – 22.64

21.27 ± 0.21

R67 DHFR - NADP+

21.45 ± 0.14

569 a

20.65 – 21.89

21.26 ± 0.22

R67 DHFR - NADP+- DHF 21.45 ± 0.18

86 a

20.68 – 22.01

21.35 ± 0.28

15305 b

21.89 – 24.7

22.72 ± 0.48

Apo R67 DHFR in 20 %
deuterated betaine

22.84 ± 0.30

Frames with 2 values lower than 10
a
Frames with 2 values lower than 5
a
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Figure 4.3 - Pairwise distribution of Rg for apo R67 DHFR, NADP+ bound binary and
NADP+ and DHF bound ternary complexes. SANS data were collected using 6.5 mg/mL
DHFR in 20 mM deuterated Tris buffer in D2O (pD 7.0) with no osmolyte. Binary and
ternary complexes were formed by adding 3 mM NADP + or NADP+ plus 2 mM DHF
respectively. The pairwise distributions of R g for R67 DHFR by GNOM (black line), R67
DHFR- NADP+ binary (dashed line) and R67 DHFR-NADP+-DHF ternary (dotted line)
complexes are shown. The Rg values for the apo protein, binary and ternary complexes are
21.89 ± 0.12 Å, 21.45 ± 0.14 Å and 21.45 ± 0.18 Å respectively, indicating minimal
differences in the overall protein compaction upon ligand binding.
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To get deeper insight on the disordered tails, SANS data for the R67 DHFRNADP+ binary and R67 DHFR- NADP+-DHF ternary complexes were further analyzed
using SASSIE. SASSIE analysis using the same set of ~175,000 frames is shown in Figure
4.4 and 4.5 for the binary and ternary complexes, respectively. Preliminary analysis yielded
high 2 similar to that for the apo protein as in Figure 4.2.A. The frames obtained from
directed Monte-Carlo simulation generated structures that provided better fits to the binary
and ternary SANS data (see Figures 4.4.A and 4.5.A). The structures with a 2 of 10 or
below were considered to be the good fits of the experimental data for both binary and
ternary complexes. Out of all the frames, our analysis gave 569 frames with an acceptable
2 value of less than 10 for the binary data analysis. Further, only 86 frames yielded good
fits to the ternary data. The best 2 values for the binary and ternary complexes were 5 and
8 respectively. The structures obtained as good fits for ternary data were the same as that
for the binary data. The conformations sampled exhibit a similar range for both the binary
and ternary fits. The mean Rg value obtained for 569 structures with a 2 < 10 for the binary
complex data was found to be 21.26 ± 0.22 Å. This value is comparable to the R g obtained
by GNOM analysis. Also, the mean Rg value for 86 structures with a 2 < 10 for the ternary
complex was 21.35 ± 0.28 Å, again within error of the R g value by GNOM analysis. Thus
the disordered tails do not undergo drastic changes in their conformational sampling
behavior upon binding of substrate to the cofactor bound binary complex as can be seen
from the density plots in Figure 4.5.G.
The center of mass representation in panel D of both Figures 4.4 and 4.5 depicts a
similar behavior of the N-terminal tails as seen with the SASSIE analysis for the apo
protein. Also, the good fits for the binary and ternary data mostly overlapped with the good
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Figure 4.4 – Conformational analysis of the disordered N-termini upon NADP+ binding
to R67 DHFR by SASSIE. Panel A shows the resulting 2 vs. Rg plot generated by MonteCarlo sampling. The red line indicates a cut off for 2 =10. Panel B shows an overlay of
the theoretical and experimental SANS profile for the best and worst fits (lowest and
highest 2 values respectively). Panel C shows the corresponding structures of the best and
worst fits. Panel D represents the center of mass points of the N-terminal methionine
residue of each of the four N-termini of the good fits from SASSIE with a 2 <10. The four
monomers are colored differently and the center of mass points are color coded for each
monomer. In panel E the pink mesh depicting the density plot for all the good fits (569) to
the binary complex data overlaid on the density plot of all sampled structures (gray mesh)
is shown. Panel F shows the density plot represented for each of the N-termini color coded
with the monomers shown in the structure.
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Figure 4.5 – Conformational analysis of the disordered N-termini upon DHF binding to
the R67 DHFR-NADP+ complex by SASSIE. The 2 vs. Rg plot shown in panel A compares
the representative frames generated by Monte-Carlo sampling to the experimental SANS
data for R67 DHFR-NADP+-DHF ternary complex. The red line indicates a cut off for 2
=10. An overlay of the theoretical and experimental SANS profiles for the best (2 = 8)
and worst (2 = 493) fits, respectively) is shown in panel B. The corresponding best and
worst frames are shown in panel C and panel D represents the center of mass points of the
N-terminal methionine residue of each of the four N-termini of the best frames from
SASSIE with a 2 <10. The four monomers are colored differently and the center of mass
points are color coded for each monomer. Panels E shows the overly of the density plots
obtained for the 86 frames best fits to the SANS data for the ternary complex (green mesh)
and all the structures generated in SASSIE (gray mesh). In panel F, the density plot
describing the sampling of each N-termini is shown in different colors. Panel G shows
overlaid density plots for the best fits for the binary and ternary data. The density plots
obtained from the SASSIE analysis for the apo (light blue) and ligand bound states (pinkbinary and green-ternary) are shown in panel H.
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fits for apo data, suggesting that the conformations sampled by the N-termini in the ligand
bound form were similar to that of the apo form (see Figure 4.5.H)
4.4.C Effect of betaine on the disordered termini of R67 DHFR
To monitor the effects of betaine on the disordered N-termini, SANS data were
collected for R67 DHFR in 20 % deuterated betaine. Data were analyzed using GNOM to
determine the pairwise distribution, which is shown in Figure 4.6. The R g was 22.84 ± 0.31
Å, which is slightly larger than 21.89 ± 0.12 Å, the value for R67 DHFR in the absence of
betaine. Both the plot and the resulting Rg indicate a more swollen state in presence of
betaine.
SASSIE analysis of these SANS data for apo R67 DHFR in 20 % deuterated betaine
was performed using the same set of 175,000 frames of the full length protein. The 2
versus Rg plot shows a distribution of states that were assigned low 2 values as can be seen
from Figure 4.7.A. For example, some compacted structures (lower R g) as well as extended
structures (higher Rg) fit the data. This suggests that the N-termini sample both types of
conformations in the presence of betaine. Out of all the structures generated using MD and
Monte-Carlo sampling, ~38,000 fit to the experimental SANS data with acceptable 2
values that are lower than 10. The lowest 2 was 3 and ~15,000 frames gave 2 values < 5.
The plot in Figure 4.7.A shows the 2 = 5 cut off for the good fits. The overlay of the
theoretical SANS profiles for the best and worst fits and the frames associated with it are
shown in Figures 4.7.B and 4.7.C, respectively. The center of mass of the four N-termini
shown in Figure 4.7.D represents all frames that fit the data well, indicating the termini can
sample many positions. The points represent the N-terminal methionine residue of each
monomer sampling areas near the core of the protein as well as distant from the ordered
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Figure 4.6 - Pairwise distribution of Rg for apo R67 DHFR with and without 20 %
deuterated betaine. SANS data were collected on R67 DHFR at 6.5 mg/mL in 20 mM
deuterated Tris buffer in D2O (pD 7.0) with 20 % deuterated betaine (dashed line). A wider
distribution in the presence of betaine and an R g value of 22.80 ± 0.31 Å indicates an
increased number of slightly more extended conformations for the termini of R67 DHFR.
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Figure 4.7 - Conformational analysis of the disordered N-termini of R67 DHFR in the
presence of 20 % deuterated betaine. Panel A shows the 2 vs. Rg plot that compares the
experimental SANS data for apo R67 DHFR in the presence of 20 % deuterated betaine
with the theoretical SANS profiles. The red line indicates a cut off for 2 =5. Panel B shows
an overlay of the theoretical and experimental SANS profiles for the best and worst fits.
The corresponding structures are shown in panel C. Panel D represents the center of mass
of the first residue of each of the N-termini associated with good fits to the experimental
data. The 4 chains and center of mass points are color coded. In panel E, the density plot
for those frames with 2 < 5 (magenta mesh) are overlaid on the entire structural space
(gray mesh) sampled and shown in both the end on and sideways orientation of the pore of
R67 DHFR. Panel F shows the density plot for each of the N-termini.

213



50
45
40
35
30
25
20
15
10
5
0

A

18

20

22

24

26

28

30

Rg (Å)
C

3

58

D

214

Continued Figure 4.7

E

F

215

regions. This can also be clearly seen from the overlay of density plots depicting the good
fits taking up most of the sampled space generated by MD and Monte-Carlo sampling. The
Rg values for the good fits obtained using SASSIE ranged from 21.89 Å to 24.7 Å with an
average Rg value of 22.72 ± 0.48 Å. The wider sampling range and higher average R g both
corroborated the outcome from the GNOM analysis, indicating that the N-termini sample
extensive conformations in the presence of betaine. Although the density plot for the good
fits (magenta mesh) seems to occupy most of the space sampled by our set of ~175,000
frames (gray mesh), the range of the Rg values obtained indicate no sampling of fully
extended conformations for all the four N-termini, which would have resulted in higher R g
values. The highest Rg sampled by Monte-Carlo simulation is 29.49 Å while our model of
R67 DHFR with four fully extended N-termini has an Rg of 36.25 Å.
Thus, the wide sampling behavior of the best fits (see Figure 4.7.D and E) suggests
that the N-termini can sample large volumes around the core of the protein. The disorder
in the N-termini was found to be retained upon betaine addition.
4.4.E. Osmolytes Probe Preferential Hydration of R67 DHFR
We tested the hydration of R67 DHFR using two osmolytes- betaine and DMSO.
The SANS profiles shown in Figure 4.8.A examined the effects of osmolytes (betaine or
DMSO) on the overall shape and radius of gyration of R67 DHFR. The primary analysis
of the reduced data using GNOM fits yields an Rg value for apo R67 DHFR of 21.89 ±
0.12 Å with no osmolyte. The Rg values showed slight differences upon osmolyte addition
with values ranging from 20.01 ± 0.2 Å to 22.36 ± 0.34 Å as seen in Figure 4.8.B. The data
obtained in the presence of betaine suggested no trend as all the values were within error.
Our data for R67 DHFR in 20 % deuterated betaine (preceding section) indicate an increase
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Figure 4.8 - SANS profiles of R67 DHFR in the presence and absence osmolytes and the
analysis of the radii of gyration. Panel A shows the overlay of the SANS profiles at 6.5
mg/mL R67 DHFR in 20 mM deuterated Tris buffer in D2O (pD 7.0) with no osmolyte
() and in the presence of 15% betaine () or 15% DMSO (). The SANS intensity was
normalized by the scattering at zero angle, I(q)/I(0). The scattering profiles did not show
any large changes upon osmolyte addition. GNOM fits to these curves yield radii of
gyration of 21.89 ± 0.12 Å for no osmolyte, 21.28 ± 0.38 Å with 20 % betaine and 20.67
± 0.45 Å with 15 % DMSO, respectively. Panel B shows the variation in R g for R67 DHFR
with increasing fractional volume, fv, of betaine () and DMSO (). The Rg in the absence
of osmolytes is shown (). Additionally, panel B shows the Rg value obtained for R67
DHFR in the presence of 20 % deuterated betaine ().
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in Rg. The data obtained in the presence of DMSO indicate slightly lower R g values,
suggesting a slight compaction of the protein. However, there is also an outlier point at 10
% DMSO. Also, the errors on Rg increase with increasing concentration of osmolytes
because osmolyte addition reduces the contrast between the protein and the osmolytes.
Hydrogenated osmolytes also increase the incoherent background scattering that arises due
to the protons in osmolytes.[15] Since we do not have data for R67 DHFR in more than 15
% DMSO, we are unable to discern whether Rg truly varies as a function of DMSO
concentration or whether these Rg values are within error of each other.
Figure 4.8.B also shows the Rg value obtained from the SANS data collected for
apo R67 DHFR in 20 % deuterated betaine (Rg = 22.8 ± 0.3 Å). As deuterated osmolyte
(betaine) was added to the deuterated buffer, the contrast between the hydration layer and
bulk was masked and the Rg value represents of the overall shape of the protein without
any contributions from the hydration layer.
The zero angle scattering intensity, I(0) is sensitive to changes in hydration. A
decreasing I(0) for apo R67 DHFR was observed with increasing concentrations of both
osmolytes tested and the data were fit to Eq (4.2) as shown in Figure 4.9. The fits obtained
yield the volume of the hydration layer for R67 DHFR in the presence of betaine or DMSO.
The number of water molecules in the hydration layer is determined by dividing the
observed water volume by the volume of a single water molecule (30 Å 3).[20] The number
of osmolyte excluding water molecules associated with the protein was found to be 1202
± 113 or 1237 ± 138 using betaine or DMSO, respectively. This result indicates a similar
number of water molecules exclude betaine and DMSO from the hydration layer of R67
DHFR.
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Figure 4.9 - The ratio of I(0) in the presence and absence of osmolytes. Small angle neutron
scattering intensity ratio with and without osmolyte I(0)S/I(0) as a function of osmolyte
concentration, fv, for betaine (w/v) () and DMSO (v/v) () are shown, respectively. Solid
lines are fits to Eq. 4.2 to calculate the number of protein-associated waters, n w. The dashed
lines represent the theoretical fit for no water present (vw= 0) to show the expected intensity
ratio dependence on fv due to the contrast generated by betaine (dashed magenta) and
DMSO (dashed green).
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To compare the experimental value with a theoretical value, the solvent accessible
surface area (ASA) of tetrameric, truncated apo R67 DHFR (2RH2) was calculated to be
11,072 Å2 using Molecular Operating Environment (MOE 2015 version). If we assume the
area of a water molecule to be 9 Å2 [21], this yields approximately 1230 water molecules
potentially hydrating the truncated protein. For the refined tetrameric crystal structure of
the truncated R67 DHFR (2GQV)[19], the solvent accessible surface area was 11,673 Å 2.
This structure yields around 1297 water molecules. Comparing this range of values for
waters in the hydration shell, to our SANS data fit, there is a reasonable match. However,
our SANS data describe full length R67 DHFR while the crystal structure describes protein
lacking N-terminal amino acids. When we use the good fits obtained from our SASSIE
analysis, the number of water molecules in the hydration layer rises to 1700-2100. Table
4.2 compares our experimental results with the predicted values from the truncated crystal
structures as well as two of the full length models of R67 DHFR.
4.4.E Effect of Osmolytes on the Thermal Stability of R67 DHFR
DSC scans were performed to monitor the effects of betaine and DMSO on the
thermal stability of R67 DHFR . This is another way to determine if osmolytes are excluded
from the protein surface. Previous studies on thermal denaturation of R67 DHFR at pH 8
have shown reversible folding with a melting temperature of 70.95 °C and evidence of an
intermediate state.[22] An overlay of DSC scans is shown in Figure 4.10. Fitting the data
to a three state model gives two melting temperatures that correspond to two events in the
thermal unfolding of R67 DHFR. The R67 DHFR tetramer is known to unfold via
formation of a dimeric intermediate prior to unfolding of four monomers.[22] The T M1 and
TM2 values for R67 DHFR in the absence of osmolyte are 66.8 °C and 68.7 °C. The melting
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Table 4.2 - Comparison of the predicted and experimental numbers of water molecules
(nw) hydrating R67 DHFR as obtained from the crystal structure and SANS data. The n w
determined by SANS gives the number of water molecules that exclude the added
osmolytes from the protein hydration layer.

Predicted/Experimental

Number of water
molecules in the
hydration layer
(nw)

Predicted

1230a

Predicted

1297b

Predicted

2000

Predicted

1840

SANS

Experimental

1202 ± 113

SANS

Experimental

1237 ± 138

Protein

Source

Truncated R67
DHFR
Truncated R67
DHFR

Crystal Structure
(2RH2)
Crystal Structure
(2GQV)
SASSIE Analysis
(2 = 2,
Rg = 21.89 Å)
SASSIE Analysis
(2 = 7,
Rg = 21.19 Å)

Full length R67
DHFR
Full length R67
DHFR
Full length R67
DHFR in presence
of Betaine
Full length R67
DHFR in presence
of DMSO
a

2RH2 structure lacks 20 residues at the N-termini.
2GQV structure lacks 19 residues at the N-termini. Serine 20 was removed for calculations for comparison
with 2RH2.
b
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Figure 4.10 – Osmolyte effects on thermal denaturation of R67 DHFR. DSC scans were
performed with 150-160 M R67 DHFR in MTA buffer with and without 20 % betaine
(magenta) and 15 % DMSO (green). Betaine increases the melting temperature of the
protein by 2-3 °C whereas DMSO decreases it by 7-9 °C.
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Table 4.3 - Comparison of melting temperatures of R67 DHFR with and without osmolytes.
The thermal denaturation studied by DSC fits to a three state model that yields two melting
temperatures.

R67 DHFR

TM1 (° C)

TM2 (° C)

Buffer

66.8 ± 0.2

68.7 ± 0.1

20 % Betaine

68.9 ± 0.1

71.7 ± 0.1

15 % DMSO

58.2 ± 0.2

61.3 ± 0.1
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temperatures are slightly lower than the reported value. The variation may come from
fitting the thermogram to the three state model in our analysis. The addition of 20 % betaine
increased the melting temperature of R67 DHFR by 2-3 °C, while 15 % DMSO decreased
it by 7-9 °C as can be seen from Table 4.3. Stabilization of R67 DHFR in the presence of
betaine is consistent with preferential exclusion of betaine from the protein surface. DMSO
slightly destabilizes R67 DHFR, which indicates the likely interaction of DMSO with R67
DHFR, either in the native or unfolded state. A similar destabilizing effect of DMSO was
noted for FolM, a pteridine reductase1 (PTR1) homologue in E.coli that shows DHFR
activity.[23]

4.5 Discussion
R67 DHFR is a homotetramer with an intrinsic disorder in the first 16-18 residues
of each monomer. The disordered N-termini are not seen in the crystal structure, but are
important for protein expression and stability. The truncated gene product is not expressed
in vivo and therefore, does not confer TMP resistance upon the host cells.[4] This implies
that the N-terminal sequence plays a role in stable expression of the protein inside the cells.
Chymotrypsin treatment of the full-length protein results in a truncated product, which has
previously been shown to be active. Thus, the N-termini are essential for protein expression
and/or stability but not for catalysis. To understand the role of N-termini of R67 DHFR,
we characterized its structural properties by SANS using full length R67 DHFR.
4.5.A Apo Protein Analysis
Our SANS experiments suggest that the disordered N-termini retain their flexibility
and sample interconvertible conformations in solution. The conformational diversity of the
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N-termini was modeled using frames from molecular dynamics simulations. Monte-Carlo
sampling was also performed using SASSIE. This program also generated SANS profiles,
which upon comparison to the experimental SANS data, provided structures that fit to the
SANS data. The best fits for apo R67 DHFR indicate a compaction of two N-termini near
the ordered tetramer core whereas the other two N-termini preferred to remain partially
extended (see Figure 4.2.D). In many of these poses, the N-terminal residues interacted
with the -strands in the protein core. The termini also frequently interacted with each
other. These interactions resulted in compaction of the overall shape. These interactions
seem likely to be why the N-termini provide stability to R67 DHFR. Future data mining
analysis of the best fits from the simulations will be required to obtain insights into these
interactions. As the N-terminal sequence contains hydrophobic residues (Met, Ile, Val, 2
Phe, Ala), it could potentially form hydrophobic interactions with similar exposed side
chains on the ordered protein surface. In addition, the N-termini also contain polar residues
(2 Ser and 1 Arg) that could form H-bonds. In addition, electrostatic interaction of Glu is
also possible. Thus, further information would be obtained from analyzing the best frames
obtained from SASSIE.
The crystal structure of truncated R67 DHFR shows 222-symmetry. This symmetry
could also apply to each of the disordered N-termini in that they could sample similar
conformations. The best fits obtained from SASSIE analysis of the apo R67 DHFR (2 <
10) show one N-termini on each side of the pore exploring collapsed conformations
whereas the other termini on the same side explore slightly extended conformations. Any
asymmetry in the structures probed likely arises from incomplete convergence of the MD
trajectories as only microsecond time scales were explored. Likewise, symmetry related
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conformations are likely present in the best frames from SASSIE analysis. A future step
will explore symmetry in the SASSIE frames.
4.5.B Analysis of Binary and Ternary Complexes
No substantial effect of ligand binding was observed on the conformations sampled
by the N-termini. The conformations that provided the best fits to the SANS data for both
the binary and ternary complexes were similar to those sampled by the apo protein. Similar
outcomes were obtained from GNOM as well as SASSIE analysis. These results are
consistent with the truncated protein retaining its enzyme activity with comparable kinetic
parameters.[4]

However, our present SASSIE analysis did not account for any

contributions from the ligands in the theoretical SANS profile determination. This may be
why fewer frames were identified as good fits for the SANS data (binary and ternary
complexes). The pore, when occupied by the ligand atoms, would likely yield a different
SANS profile, which may provide better fitting. Thus, our next step will position the bound
ligands in all the frames and these structures will be re-analyzed by SasCalc.
4.5.C Effects of Osmolytes
Osmolytes that are excluded from protein surfaces are known to stabilize the
protein via the preferential exclusion mechanism. The ability of TMAO to force folding of
a modified RNase was attributed to its preferential exclusion from the peptide backbone
(also termed as the solvophobic effect).[24, 25] While R67 DHFR was found to be
stabilized upon betaine addition by our DSC studies, no disorder to order transition was
observed for the disordered tails from our analysis of the SANS data. This was indicative
of the inability of betaine to force the N-termini in R67 DHFR to fold. On the contrary,
according to SASSIE analysis, betaine addition resulted in larger conformational sampling
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of the disordered tails, from being collapsed near the core of the protein to being partially
extended. Thus, betaine seems to aid in maintenance of wider sampling of the disordered
N-termini in R67 DHFR. This may be due to preferential interactions of betaine with
aromatic surfaces, cationic and amide nitrogen atoms (see Part 3 of this thesis). Thus,
betaine can compete with water to form stable interactions that may possibly hinder the
collapsed conformations from being sampled. Comparison of the interactions involving the
N-terminal residues in the frames obtained as best fits in the presence and absence of
betaine would provide better insights into the differences in the intramolecular interactions.
Also, one concern is that most of the starting structures in our SASSIE analysis were
obtained from MD trajectories that did not include betaine. Thus, any potential
intermolecular interactions between betaine and the protein were not accounted for in our
MD and Monte-Carlo simulations.
Another possible explanation for the extensive sampling of the disordered tails
upon betaine addition may be attributed to changes in the solvent structure. Studies have
characterized effects of solutes on the structure of bulk as well as hydrating water
molecules around proteins.[26, 27] The nature and extent of these alterations depend on
the chemical properties of the solutes. Polar and hydrophilic surfaces were found to be
water structure breakers whereas hydrophobic surfaces were described as water structure
makers.[26] Sucrose at 1.5 M, stabilized RNase A, however, accompanying pressure
perturbation calorimetry studies showed nonlinear effects on α, the apparent coefficient of
thermal expansion, Specifically, RNase is less compact at 0.5M sucrose as indicated by an
increased α than in the presence of no sucrose, while the protein becomes more compact at
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1.5M sucrose yielding a decreased α. [27] The differences in α were attributed to changes
in protein hydration.
Betaine can potentially affect the structural order of the bulk as well as hydration
water. These changes in solvent structure (environment) may have effects on the sampling
behavior of the disordered tails of R67 DHFR, allowing partially extended and collapsed
conformations. Also, intrinsically disordered regions are known to exhibit high hydration
capacities owing to their high solvent accessibility and polar/charged nature.[13] The
dynamics and/or stability of the water molecules in the hydration network around
disordered regions has been reported to be different than the rest of the folded surface.[12,
13] Betaine induced changes in the order of the hydration water molecules around the
disordered tails may also contribute to the broader sampling of the N-termini. Thus, effects
of betaine on R67 DHFR could be attributed to changes in the bulk solvent structure as
well as interactions between the solute and the protein.
4.5.D Hydration Studies
We were interested in getting insights into the hydration of full length R67 DHFR.
Experiments to study protein hydration have used varying techniques. A typical approach
calculates the accessible surface area (ASA) and divides the value by 9 Å 2 to predict the
number of solvent waters. This yields a high value. In contrast, experimental approaches
often yield lower numbers of hydration waters. For lysozyme, ASA calculations predict
~900 waters of hydration. [15] Experimental techniques to study lysozyme hydration
include NMR,[28] excess heat capacity,[29] dielectric relaxation[30] and x-ray
diffraction.[31]

The experimental approaches yield from 121-900 hydration waters,
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indicating the value is sensitive to the technique used as well as the experimental conditions
employed.
A previous SANS study of hydration in lysozyme used different osmolytes.[15]
With added betaine, triethylene glycol, PEG400 or PEG1000, 84 ± 5, 114 ± 24, 156 ± 8 or
347 ± 11 hydration waters were observed, respectively. The increase in the number of
waters (nw) may be due to osmotic stress effects combined with volume exclusion as the
osmolyte size gets larger.[32, 33] Alternately, fewer waters may be observed if the
osmolyte interacts with the protein surface. Both factors may play a role in observation of
a lower nw value than the predicted, upper limit.
We used SANS coupled with an osmotic stress approach to assess the osmolyte
excluding water molecules that preferentially hydrate the R67 DHFR surface. Betaine is a
compatible solute that is usually excluded from the protein surface, [34] which results in
protein stabilization. Our DSC results support this notion as upon addition of 20 % betaine,
R67 DHFR melts at a higher temperature, implying preferential exclusion of betaine from
the protein. Our SANS experiments yielded the number of water molecules (n w)
responsible for betaine exclusion to be 1200 ± 110. This value matches the number obtained
from ASA calculations using the chymotrypsin truncated structure, however this species
lacks the first 16 amino acids and strong electron density only appears at residues 20 or 21
(see Table 4.2). The full length R67 DHFR model built with the 4 N-termini added to the
structure yielded a range of nw from 1800 – 2000 (see Table 4.3), depending upon the
conformations sampled by the N-termini.
Our experimental value is lower than the predicted upper limit, but as described
above, this is a common result and could be due to some level of osmolyte interaction with
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the protein surface. For example, as mentioned earlier, betaine can interact with aromatic
and cationic surfaces. The disordered sequence has two phenylalanine and one arginine
residues that may be accessible to betaine. Similar results were also reported for sucrose
effects on RNase A stability and hydration as discussed in the previous section.[27]
The other osmolyte tested in our SANS experiments, DMSO, provided a
comparable nw of 1240 ± 140 hydrating R67 DHFR. However, our DSC results suggest
that addition of 15 % DMSO lowers the melting temperature of R67 DHFR. The thermal
destabilization can be attributed to preferential interaction of DMSO with the protein,
resulting in exclusion of water molecules. The number of waters in the hydration layer can
be altered by solute penetration into the hydration layer.
The observation of a similar number of water molecules hydrating R67 DHFR in
the presence of a stabilizing osmolyte, betaine, and a destabilizing osmolyte, DMSO, was
interesting. Though the number of waters were similar, their location may vary. DMSO
can form hydrophobic interactions whereas betaine interacts with aromatic, amide and
cationic nitrogens exposed on the protein. Thus, both the osmolytes may lead to water
exclusion from different protein surfaces. This can also result in the variable effects on
protein stability. The melting temperature of R67 DHFR decreased by 7-9 °C with DMSO
addition, whereas betaine only stabilized the protein by 2-3 °C. Thus, the effects of betaine
interactions with exposed surfaces as mentioned earlier are evident from the lower number
of water molecules hydrating the protein. However, the effects of betaine interaction on the
overall stability of the protein may be mild and may have been counter balanced by the
preferential exclusion of betaine from amide oxygen, hydroxyl and carboxylate oxygen
surfaces of the protein. This may result in a net stabilizing effect of betaine on R67 DHFR.
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At this point we consider another possibility and ask what is known about water in
the R67 DHFR crystal structure? A 1.1 Å resolution structure (PDB ID:2GQV) finds 148
water molecules with full occupancy (per monomer) and 43 waters with half occupancy.
This yields a total of 764 waters per tetramer. Included in this number are 168 waters found
in well-ordered pentagonal arrays in the active site pore. The hydrated structure is shown
in Figure 4.11. Also, due to the high resolution and low temperature factors of this
structure, 85 waters per monomer were identified in the first hydration shell and 106 in
higher level shells. This yields 340 waters in the first hydration shell of the tetramer.
When we consider our SANS data in light of this information, 1200 waters (measured by
SANS for the full length protein) minus 340 waters (per chymotrypsin truncated R67
DHFR) would leave 215 waters to hydrate each N-terminal sequence. This assumes SANS
measures the first hydration shell.

4.6 Conclusion
R67 DHFR, a tetrameric protein, contains a 21 residue disordered region at the Ntermini of each of the monomer. A truncation at the 16 th residue yields a functional protein
with hampered protein stability, indicating a crucial role of the 4 N-termini. To understand
the contribution of the N-termini towards protein stability, we determined the structural
features of the full length protein using SANS. The conformational ensemble obtained for
the apo protein suggested interactions of the disordered tails either with the ordered protein
structure elements or with another disordered tail. These weak interactions result in
compaction of the disordered tails near the sides of the protein. The in vivo stability of the
full length protein may be due to the contributions of these interactions. The pattern of the
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Figure 4.11 - Crystal Structure of chymotrypsin truncated R67 DHFR (2GQV) at 1.1 Å
resolution.[19] The monomers are depicted in different colors and the water molecules
seen in the crystal structure are shown by cyan spheres.
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conformational sampling was similar for the protein in both the ligand bound complexes
(binary and ternary). No influence of the disordered tails was observed on ligand binding
as none of the conformations sampled show the N-termini blocking the active site pore of
the protein. Addition of osmolytes such as betaine did not force the disordered tails to attain
any order. On the contrary, the conformational ensembles indicate wider sampling of both
extended as well as collapsed/compact forms of the N-termini. Preferential hydration of
the full length protein studied by SANS yields an equal number of waters hydrating the
protein upon addition of the stabilizing osmolyte betaine as well as the destabilizing
osmolyte DMSO.
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PART 5. CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Role of Water in Biological Process
Osmotic stress studies examined the role of water in biological processes by
addition of small molecule osmolytes that alter water activity. This strategy to probe the
biological importance of water was developed from the observation that living cells facing
dehydrating conditions accumulate these small organic molecules and ions (osmolytes).
These intracellular small molecules increase the osmolality and render the cells to survive
under osmotic stress but can also exhibit additional effects owing to their different chemical
properties.
The two potential mechanisms of osmolyte action- preferential exclusion and
preferential interaction with biomolecular surfaces relative to water were considered while
interpreting the outcomes of the osmotic stress experiments. Understanding effects of
osmolytes on biochemical processes shed light on the role of intracellular water. Water in
biological systems can be divided into two layers, a hydration layer that surrounds all the
biomolecules and the bulk water that forms the solvent of cytoplasmic milieu. If the
osmolytes are excluded from macromolecular surfaces and retained mostly in the bulk
solution, the outcomes of osmotic stress experiments probe the changes in the bulk water
occurring during the course of the biochemical process. However, if the osmolytes
potentially interact with the macromolecules and other small molecules and enter the
hydration shell, the contributions from these additional effects are also accounted for in the
osmotic stress experiments.
We have previously noted effects of osmolytes on ligand binding to dihydrofolate
reductase (DHFR) enzymes- (R67 DHFR and EcDHFR).[1, 2] In this study we observe a
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range of effects including both preferential exclusion and interaction mechanisms of
osmolytes with ligand binding to a novel DHFR, FolM.
Osmolytes such as betaine are known to be excluded from protein surfaces.[3]
Preferential exclusion of betaine from the surface of all two DHFRs was manifested by the
tightened cofactor binding upon betaine addition, indicating dehydrating effects on the
enzyme-ligand interface.[2, 4] A similar trend was noted in Part 2 of this thesis for NADPH
binding to FolM becoming tighter with betaine addition. However, interesting results were
obtained for the substrate binding in presence of betaine and other osmolytes that could be
explained by the following preferential interaction model.

5.2 The Preferential Interaction Model
Substrate binding to DHFRs was found to be weakened by osmolytes.[1, 2] Similar
results obtained for two structurally unrelated proteins led us to propose effects of
osmolytes on the free DHF species rather than the protein. We proposed the preferential
interaction model for weak interactions between folate(s) and osmolytes that interfere with
substrate binding to DHFRs. The removal of the osmolyte molecules from DHF is essential
prior to its binding to DHFR. This model was found to be applicable to a third DHFR,
FolM, as osmolyte addition weakened substrate binding.[5] It is interesting that all three
DHFRs bearing unique protein scaffolds showed similar trends of weakened substrate
binding in presence of osmolytes.
The results in Part 2 emphasize the weak interactions between the substrate and
osmolytes, while it also tests the preferential interaction model for binding of an antifolate
drug, methotrexate. Weakened binding of methotrexate suggests its preferential
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interactions with osmolytes. Thus, the model can also be applied to the antifolate drugs that
are structural analogues of folate(s). The interactions between drugs and intracellular small
molecules may hamper the efficiency of the drug to bind its target thereby highlighting the
necessity of further characterization of these weak interactions.
In addition, the preferential interaction model between osmolytes and folate(s) can
be applied to all the substrates in the folate metabolism pathway suggesting large effects
on the functioning of the pathway under osmotic stress.

5.3 Characterization of Preferential Interactions
Although the interactions between folate(s) and osmolytes are proposed to be
weak, they are suggested to be favorable than the interactions between these molecules
(folates and osmolytes) and water, hence termed as preferential interactions. These
favorable interactions can potentially exhibit various amplitudes as osmolytes present
different functional groups that can form multiple types of interactions with folate(s) such
as H-bonding, hydrophobic interactions, cation- interactions, and ionic interactions.
Understanding the nature of these interactions would be necessary to gain further
insights in the process occurring in a living cell under normal as well as osmotic stress
conditions. As mentioned earlier, numerous functional groups would be exposed in the
intracellular milieu and it would be challenging to imagine the range of effects imposed by
these omnipresent weak interactions. One of the way to understand this complexity is to
quantify the strengths of interactions between each osmolyte and a set of compounds
accounting various functional groups. As each osmolyte differs in its composition and
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chemical properties, a large sample of multiple possible interactions can be quantified,
which would collectively help to predict the degree of these interactions inside a cell.
We, in Part 3, quantified the preferential interaction potential (23/RT value)
between one of the osmolytes in E.coli – betaine with different surface types displayed by
folate(s) using the vapor pressure osmometry method. Betaine is a poor H-bond donor and
therefore is mostly excluded from macromolecular surfaces. However, it is known to
favorably interact with aromatic surfaces forming cation- interactions.[6, 7] Folate
contains two aromatic rings and hence was predicted to favorably interact with betaine. A
positive 23/RT value indicates preferential exclusion of betaine whereas a negative 23/RT
value indicates preferential interaction with betaine relative to water. The interaction
potential between betaine and folate was found to be near zero suggesting equal preference
of water and betaine. Differences in the interaction potentials were noted upon
dimerization, protonation and conformational sampling of folate in solution. Quantification
of interactions with betaine and compounds in addition to folate enabled us to parse out
atomistic interaction potentials per unit surface area of each atom type studied. Our results
suggest interaction of betaine with aromatic carbon and amide nitogen surfaces but
exclusion from the aromatic nitrogens and carboxylate oxygens.
The extensive experimental data suggests the range of these weak interactions
between numerous surfaces types depending upon the physical and chemical properties of
the interacting partners. In Part 3, we note a trend of betaine interacting with protonated
species favorably than the deprotonated species owing to betaine not being a good H-bond
donor. The deprotonated groups favor water over betaine as water can be the H-bond donor.
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This would suggest that betaine can form H-bond by being an acceptor with protonated
surface types.

5.4 Can we use the Interaction Potentials to Predict the Osmotic Stress Effects In
Vitro?
A wide range of interaction potentials can be expected for different osmolytes
displaying unique functional groups with folate as well as other biomolecules (ligands).
We can apply this information to predict the effects of osmolyte addition on biological
process thereby also predicting the role played by water. Our ITC experiments in Part 3
explored this idea. The 23/RT of DHFR ligands interacting with betaine can be used to
predict the outcome of the ligand binding experiments performed upon betaine addition.
The cofactor NADPH excludes betaine (high 23/RT value) and its binding to all three
DHFRs was found to be tightened by the osmolyte. The low 23/RT values for folate and
DHF interacting with betaine resulted in weakened binding owing to favorable interactions
between folate(s) and betaine. On the contrary, PG4 (folate with four glutamates) with a
high 23/RT value showed a similar trend of weakened binding to R67 DHFR upon betaine
addition. As not all atoms of PG4 participate in forming interactions with the protein, their
interaction potentials should not be considered in the predictions. (See Table 5.1). Thus,
changes in preferential potentials depend on the changes in surface areas (burial or
exposure) associated with the biochemical event. As discussed in Part 3, the prediction of
osmotic stress effects would be reasonable if the details of ligand binding are known.
Consideration of the preferential interaction potential of the protein is also required for
prediction of the effects of osmolytes on the ligand binding event. Part 3 computes the
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Table 5.1 - Comparison of predicted and observed effects of betaine on ligand binding to
R67 DHFR
Ligand

μ23/RT
(m-1)

BetaineLigand

Effect of betaine on EnzymeLigand Binding
Expected/Predicted

Observed

NADP+

0.85

Excluded

Tightened

Tighteneda

Folate

0

Equal

No effect

Weakened

PG4

0.98

Excluded

Tightened

Weakened

a

Data from Chopra et.al.[1]
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 23/RT values that yielded a better prediction of the ligand binding experiments.

5.5 Osmolyte Effects on Proteins add a Layer of Complexity
Osmolytes such as betaine and proline are known as the osmoprotectants in E.coli
as they function not only to maintain cell growth under osmotic stress but also increase the
growth rate. The increase in growth rate was correlated to the stabilizing effects these
osmoprotectants impose on macromolecules. This is attributed to their preferential
exclusion from macromolecular surfaces that aid in preferential hydration.[8] The
effectiveness as osmoprotectants depends on the level of preferential exclusion obtained
for E.coli osmolytes which was betaine>proline>TMAO>trehalose>K + glutamate>
glycerol.[3]
Betaine, one of the osmolyte tested in our osmotic stress experiments was found to
have stabilizing effects on EcDHFR, R67 DHFR and FolM.[1, 2, 5] Differential scanning
calorimetry results describe an increase in melting temperature for all the proteins tested.
Our previous results along with the results from Part 2 suggest tightened cofactor binding
to DHFRs in presence of betaine, consistent with its preferential exclusion from the protein
and NADPH surfaces.

However, other osmolytes like DMSO, ethylene glycol and

PEG400 weaken the binding of NADPH to FolM, indicating additional effects of these
osmolytes on the protein that results in an altered binding affinity. This is further validated
by our DSC experiments showing a lower melting temperature of the protein in presence
of DMSO indicating preferential interaction between DMSO and FolM (see Figure 5.1).
The adverse effects of osmolytes on proteins complicate the prediction of osmotic stress
outcomes in vitro systems that may further amplify in vivo. As osmolytes are known to
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Figure 5.1 - Osmolyte effects on FolM. FolM-osmolyte interactions. FolM monomer
surfaces are shown in different colors and the hydration layer represented in blue layer
surrounding the surface of the tetramer. Betaine represented as red circles are preferentially
excluded from the protein surface whereas DMSO (white circles) interact with FolM.
Preferential exclusion of betaine results in protein stabilization by preferential hydration
and preferential interaction between FolM and DMSO results in protein destabilization.
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function in vivo to combat osmotic stress, their deleterious effects on protein stability are
undesirable. Similary, the weakened binding of substrate to FolM in presence of osmolytes
may be due to a combination of the deleterious effects of osmolytes on FolM and the
preferential interactions between osmolytes and substrate. The effects of osmolytes on
proteins complicate the prediction of osmotic stress outcomes in vitro systems that may
further amplify in vivo.

5.6 SANS, a Structural Tool to Study Proteins and Osmolyte Effects
We chose to study R67 DHFR using small angle neutron scattering (SANS). R67
DHFR is a homoterameric protein with disordered N-termini that are not seen in the crystal
structure, but are important for protein expression and stability.[9] SANS, in addition of
providing insights on the structural characterization of the disordered N-termini, was
employed to study R67 DHFR hydration. Part 4 of this thesis focusses on studying the full
length R67 DHFR protein for its hydration properties as well as charachterizing the
conformations sampled by disordered tails under different conditions.
5.6. A Osmolyte Effects on Protein Hydration
SANS has proven to be a powerful tool to study the preferential hydration of
proteins. Part 4 of this thesis focuses on applying this approach to study preferential
hydration of R67 DHFR in presence of betaine and DMSO. The scattering of neutrons from
hydration layer can be differentiated from that of the protein and the bulk solvent using a
contrast variation method. Hydrogenated osmolytes when added to the deuterated bulk
solvent, creates a contrast as the scattering length densities of hydrogen and deuterium are
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distinct. This method selectively determines the scattering data of the hydration layer and
give the volume of water layer that hydrate the protein thereby excluding osmolytes.
Also, R67 DHFR possess four disordered tails (one per monomer) at the N-termini.
The disordered sequences tend to sample larger volumes, they are highly exposed to
solvent and are known to be highly hydrated.[10] The crystal structure of tetrameric R67
DHFR lacking the first 20 or 21 residues of each monomer yield a calculation of a total
number of 1200-1300 water molecules in the hydration layer from the ASA information.
The models for the full length protein predict around 1800-2000 waters. Thus, the total
numbers of hydration waters around the full length protein were expected to be high.
Around 1200 waters were found to be hydrating R67 DHFR upon addition of
betaine as well as DMSO. The volume of water hydrating the full length protein in presence
of osmolytes coincidently resembles the number of waters hydrating the truncated protein.
The experimental value was found to be inconsistent with the predicted upper limit from
the ASA calculation. This is not an unusual result as previous studies exploring protein
hydration has reported variations in the number of hydration waters depending upon the
technique used for its determination. Also, lower number of hydration waters could be due
to some level of osmolyte interaction with the protein surface. R67 DHFR hydration layer
was found to contain similar number of water molecules in presence of betaine as well as
DMSO. Betaine, though stabilized R67 DHFR, indicating its preferential exclusion from
the protein surface, it may form weak interactions with the solvent exposed aromatic,
cationic as well as amide nitrogen surfaces on N-termini and protein core. This may result
in a lower number of waters than expected. Similarly, DMSO may preferentially interact
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with the protein as also suggested by the thermal destabilization noted by our DSC results,
thereby lowering the number of waters in hydration layer of the full length protein.
5.6.B SANS Studied the Disordered Tails of R67 DHFR
SANS also enabled us to gain information about the conformational envelope
sampled by the disordered tails. A computational modeling and simulation approach was
employed to obtain relevant structural information from the experimental data using
modules in SASSIE. The results from this combined method of data analysis indicated
that the disordered tails of R67 DHFR sample collapsed and partially extended
conformations on either sides of the ordered core of the protein. The N-terminal residues
were also found to interact with each other and with the -strands in the protein core. These
interactions may provide stability to the full length R67 DHFR.
Ligand binding to R67 DHFR did not seem to significantly change the
conformations sampled by the N-termini. This is consistent with no significant role known
for the N-termini in catalysis as the truncated protein retains activity.
While betaine stabilized R67 DHFR, the disorder in the N-termini was retained in
presence of betaine. Further betaine led to a wider conformational sampling in both the
collapsed and extended regimes. This may be attributed to the preferential interactions of
betaine with aromatic surfaces, cationic and amide nitrogen atoms as studied in Part 3 of
this thesis. Thus, our SANS studies in Part 4 provided further insights on osmolyte effects
on protein hydration as well as disordered regions of the proteins.
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5.7 Future Implications
Taking all the possible effects of osmolytes on proteins as well as their ligands in
to account, we would like to extend our studies to understand the in vivo effects of
osmolytes. The preferential interactions between folate and osmolytes were shown to
weaken its binding affinity towards DHFRs. Also, the deleterious effects of osmolytes on
proteins can potentially alter the ligand binding to the proteins. These in vitro observations
are expected apply to in vivo osmotic stress situation.

5.8 How Relevant our In Vitro Studies are to Physiological In Vivo Systems?
Folate is predicted to be a sticky molecule, it may interact weakly and transiently
with several functional groups it encounters. The cell is a crowded milieu in which such
interactions become more relevant with multiple functional groups available to nonspecifically interact with folates. This would result in larger effects on substrate binding to
enzymes of folate metabolism pathway in vivo.
One of our current focus in the Howell lab is to quantify the weak interaction
potentials for another E.coli osmolyte, trehalose interacting with compounds with different
functional groups. The outcomes of these studies would help us to model the different
possibilities of osmolytes interacting with ligands and other small molecules as compared
to water. We can further apply these models to understand the collective effect of the
osmolytes accumulated in E.coli under osmotic stress conditions.
Studies in our lab are testing the preferential interaction model by growing E. coli
cells in an exogenous osmotic stressor, sorbitol, which induces synthesis and accumulation
of intracellular osmolytes. Under osmotic stress E. coli accumulates osmolytes (for
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example betaine, trehalose and glutamate). The weak preferential interactions between
osmolytes and substrate affect substrate binding and thus functionality of the enzyme in
vivo. Previous studies in our lab have shown titration of enzyme activity in vivo with
osmotic stress. R67 DHFR function to rescue the trimethoprim treatment of cells lacking
EcDHFR was studied as a function of increasing osmotic stress.[1] The enzyme activity
could be titrated from higher in low to moderate osmotic stress to low under high osmotic
stress finally resulting in complete loss of enzyme function. This can be attributed to lower
substrate binding in presence of the intracellular osmolytes. Similar experiments are ongoing to test osmolyte effects on other enzymes in folate pathway and the results obtained
so far suggest similar effects as seen before with R67 DHFR. Inefficiency of enzyme
function in vivo is attributed to weak interactions between osmolytes and folates but
osmotic stress might impose additional effects on the cell such as changes in intracellular
substrate and/or enzyme concentration, which could also affect cell growth. Also “domino
effects” can occur where blockage of one reaction leads to substrate buildup. The increased
substrate concentration can then inhibit other enzymes in the folate pathway. An example
of this is inhibition of EcDHFR by trimethoprim, which results in buildup of the DHF
concentration. Higher [DHF] in turn inhibit folylpolyglutamate synthetase, which adds
glutamate groups to the tail of tetrahydrofolate. These possible effects can be delineated by
studying an overall effect of osmotic stress on the levels of folate metabolites in the cytosol.
Quantitation of the in vivo folate pool will further test our hypothesis and provide
additional observations from in vivo osmotic stress studies, which are limited to phenotypic
changes. We expect to detect accumulation of the substrate and depletion of the product
for a particular enzyme under osmotic stress conditions. As folate-metabolizing enzymes
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relay folates from one enzyme to other in the pathway, it would be interesting to get an
overall picture of folate metabolomics in osmotic stress. Our initial aim is to examine the
mechanism by which osmotic pressure affects DHFR function in E.coli, by monitoring the
concentrations of DHF and THF for various in vivo conditions. Further, these studies can
be extended to other enzymes in the folate metabolic pathway. We also aim to monitor the
in vivo kinetic flux of various folates in the pathway.
Absolute quantification of intracellular folates will be performed by a LC MS/MS
approach in collaboration with Shawn Campagna in the Chemistry Department at UTK.
The Rabinowitz group has developed a method for absolute quantification of folates from
E.coli.[11] We will follow the protocols of the Rabinowitz group, which use
chromatographic retention time, parent ion mass and fragmentation patterns to identify
DHF and all the folate species. Osmotic stress effects on folate metabolomics will be
studied by quantifying levels of folates in E. coli cells grown in high sorbitol concentration.
The Rabinowitz lab has also quantitated NADPH, NADP +, osmoprotectants (betaine
glutamate, proline) concentrations in E. coli.[12] We will monitor the intracellular levels
of these metabolites to get a more complete picture of the E.coli metabolome under osmotic
stress that would help us interpret our results for both in vitro and in vivo studies.
In addition to osmotic stress conditions, our studies can be extended to model in
vivo conditions. In the cells not exposed to osmotic stress, the typical high intracellular
concentration of biomolecules result in crowding conditions. Numerous functional groups
would be exposed in the intracellular milieu that can form preferential interactions with
folate substrates as well as other small molecules. Our present studies using betaine along
with future studies using different osmolytes (with different functional groups) can
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potentially predict the effects imposed by these omnipresent weak interactions on the
cellular and biochemical pathways. Thus, the outcomes of our studies provide better
understanding in unveiling the complex effects of weak interactions in a crowded
intracellular environment.
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